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EUROPEAN CORN BORER: A BIBLIOGRAPHY 1925-1973. 
Tom A. Brindley 2, Kathryn' M. Milton 3, 
and Wilbur D. Guthrie 4 
ABSTRACT. This bibliography of the European Corn Borer updates that published by Wade 
in 1928. A total of 1,048 titles are listed. Popular articles, mimeographed reports and pro-
ceedings, and similar publications have been excluded. 
INTRODUCTION 
A bibliography of the European Corn Borer Ostrinia nubi/alis was published by the U.S. 
Department of Agriculture in 1928 (J. S. Wade, Misc. Circ. No. 46. 1925. Rev. 1928).A total 
of 914 titles were listed. Since the publication of that bibliography, many more repqrts have 
been published. Entomologists in the Department of Agriculture and cooperating state agri-
culture experiment stations have compiled a card index of about 1, 725 titles. This accumu-
lation provides evidence that worldwide interest in damage done by this pest is high and that a 
definite need exists for updating the bibliography on it. The following compilation was pre-
pared with this in mind. 
More than 1,000 titles have been included, to the exclusion of popular articles, mimeo-
graphed reports and proceedings, and similar publications. Also, papers duplicating other 
printed materials were eliminated. The complete card file is at the Corn Borer Laboratory, 
Ankeny, Iowa, and is available for use by students, research workers, and others who may be 
interested. 
We are well aware that some significant titles may have been missed; notification of any 
omissions will be gratefully accepted. Publication of this bibliography provides a total listing 
of approximately 1,962 titles. We hope that this will enhance the efforts of future workers in 
developing procedures for managing this pest. 
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IMPROVING CONCEPTUAL KNOWLEDGE AND PROCEDURES IN 
EDUCATIONAL STATISTICS 
A. J. Netusil 1 
ABSTRACT. Statistical achievement of students using a programable calculator in graduate 
level educational statistics courses was compared to that of students using non-programable 
calculators. No significant difference in achievement was found between the two groups when 
effects of initial differences in IQ and previous hours of college mathematics were eliminated, 
utilizing a covariance analysis. Also, no significant difference in attitude toward statistics was 
found between the two groups. A regression analysis revealed that 53.2% of the variance in 
achievement could be predicted by using hours of college mathematics and pretest attitude 
score as predictors. 
BACKGROUND 
Every graduate student within the College of Education at Iowa State University of 
Science and Technology, who writes a thesis and obtains an advanced degree, must take at 
least two statistics courses. Candidates for the Ph.D. degree must take a minimum of four 
statistics courses. In the first two courses, Education 552 and 553 (Educational Statistics), 
statistical concepts and procedures for teachers, school administrators, and graduate students 
engaged in research are presented. A part of each of these courses involves a laboratory ex-
perience where the student solves problems by use of a desk calculator. 
Because much of the students' laboratory time is often spent on -the mechanics of a sta-
tistical formula rather than on the concepts involved, a method of helping the student solve 
problems while focusing on the conceptual framework was sought. In the third and fourth 
courses in the sequence the IBM 360-65 computer was used, and it was hoped that a tech-
nique, which would help the student in his transformation to the computer, could also be 
found. Two Monroe Epic 3000 were purchased for this purpose by funding from the Uni-
versity Major Research Grants Committee. The Monroe Epic 3000 can be programmed 
through 45 steps and is very easy tO' operate. A machine such as this with its programming 
capability and limited memory could provide a stepping stone between a desk calculator 
and a computer. 
This research project was undertaken to determine if there was any difference in a 
student's achievement in statistics, depending on which calculator was used. Initial differences. 
in IQ and previous college mathematics background were controlled through covariate analy-
sis. Students were randomly assigned to experimental and control groups during the two 
quarters the experiment was run. 
In the first term (a summer session) 27 students were involved, with three students 
dropping the course before the end of the term, leaving a total of 24 students-11 experi-
mental and 13 controls. In the fall term 20 students were involved, with one dropping from 
the control group. The total experiment therefore involved 43 students, of whom 21 were 
in the experimental group and 22 in the control group. 
All students were given the Otis Quick Scoring IQ Test and an .inventory of the-ir-
attitude toward statistics at the beginning of the quarter. The attitude inventory was re-
peated at the end of the course so as to assess any change in attitude that might have oc-
curred. The criterion used to test a student's gain in statistical knowledge was a teacher-
made test. 
1 Professor of Education, Professional Studies, Iowa State University, Ames, Iowa 50010. 
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FINDINGS 
The major hypothesis of this study was as follows: 
Difference in mean statistical achievement between those students using 
the Monroe Epic 3000 calculator and those using the traditional calculator 
is not significant when differences in IQ and previous hours of college 
mathematics have been controlled. 
The criterion score was a composite of the two individually administered tests. One achieve-
ment test was administered midway through the term and the other near the end of the course. 
The test scores were first converted to Z scores (transformed standard scores with mean of 59 
and standard deviation of 10) and then summed to form the composite score. Differences 
between means and standard deviation~ for the two quarters of the experiment proved to be 
nonsignificant. Since such variates as instructor, course content, meeting time, etc.were held 
constant, hence controlled, the quarter of offering was not considered a variate in the experi-
ment. 







composite score on statistical achievement test of the ith person in the 
jth treatment group. 
overall mean of the statistics achievement tests. 
effect of the ith treatment. i = 1,2 
beta coefficient associated with the IQ test covariate. 
X1ij = 
Xj_ .. = 
score of the ith person in the jth group, on the Otis Quick Scoring IQ test. 
mean of the Otis Quick IQ Scoring test. 
132 beta coefficient associated with previous hours of college 
mathematics covariate. 
hours of college mathematics of the ith person in the jth group. 
mean number of hours of college mathematics. 
residual associated with the ith person in the jth group. 
Table 1 presents the results of the analysis of covariance. The null hypothesis was re-
tained and the difference found between adjusted means was not significant. The means ad-
justed and unadjusted are presented in Table 2. Hence, the effects of using the Monroe Epic 
3000 calculator did not appear to make any difference in a student's achievement when IQ 
and previous hours of college mathematics were controlled. The experimental group's mean 
was higher in unadjusted as well as the adjusted mean achievement score, and the difference 
between the two groups is much less after adjustment has been made. 
Table 1. Analysis of covariance of achievement, using IQ and previous hours of college 
mathematics as covariates. 
Source of Variation 

















KNOWLEDGE AND PROCEDURES IN EDUCATIONAL STATISTICS 
Table 2. Unadjusted and adjusted mean statistical achievement scores from use of the Otis 
Quick Scoring IQ test and previous hours of college mathematics as covariates. 









Measures were also taken on a student's attitude toward educational statistics when the 
student entered and completed the course. The attitude questionnaire was based on an in-
strument developed by Aiken and Dreger (1961) and revised for statistics by Wisnieski (1970). 
A single classification analysis of variance was performed on the mean-attitude scores of the 
two groups. Table 3 presents the resulting analysis indicating that no significant differences 
were found between the experimental and control groups on their pretest attitude scores. 
Table 3. Analysis of Variance of pretest attitude scores. 

















All students were again tested at the end of the course and a mean change (pretest total 
minus posttest total) score per individual was calculated. The items on the inventory were 
scored so that a higher positive scale was indicative of a better attitude toward statistics. The 
null hypothesis tested was as follows: 
There was no significant difference in mean-attitude 
change between experimental and control groups. 
The analysis of variance is presented in Table 5. The null hypothesis was retained and no 
difference in change in attitude toward statistics was found between groups. 




Table 5. Analysis of variance for change in attitude totals. 




















A backward model building procedure was used to determine a prediction equation of 
student achievement. The criterion used was the composite score of the two achievement 
tests. The full model included four variables-IQ score, previous hours of college mathematics, 
sex of student, and attitude toward statistics pretest. A model containing only the variables, 
previous hours of college mathematics, and pretest attitude did as good a job of predicting as 
did the full model. The regression equation produced is the following: 
y 91.560 + .380X1 + .1 20X2 
X1 = Hours of college mathematics X2 Pretest score on attitude 
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This equation yielded a multiple R squared of .532, indicating 53.2% of the variance in 
achievement could be accounted for by these two variables. 
The correlation coefficients between all the variables considered in this study are pre-
sented in Table 6. 
Table 6. Coefficients of Correlation. 
Hours of Composite Attitude Post 
IQ Score Math Test 1 Test 2 Score Pretest Test Change 
Hours of 
Math .394* 
Test 1 .351 * .694* 
Test 2 .330* .554* .649* 
Composite .376* .687* .907* .909* 
Attitude 
Pretest .364* .611* .519* .598* .613* 
Attitude 
Posttest .320* .556* .580* .509* .600* .762* 
Change -.154 -.175 .014 -.208 -.105 -.406* -.243 
* p < .05 
DISCUSSION 
The extent to which a student achieves in educational statistics and the medium in 
which laboratory problems are solved are independent. Although the mean achievement of 
those students usinf the Monroe Epic ·3000 ccilculator was slightly. higher, no significant sta-
tistical difference between the groups was found . Since the experimental group did not achieve 
to _any less extent than the control, support ~s given to the ,argu_ment that_ extensive mechanical 
manipulation of formulas on a traditional calculator does not contribute to achievement in 
the course more than does programming the formulas. 
No significant difference was found in pretest attitudes between groups, both seeming to 
hold the same attitude toward statistics when they entered the course. The attitude of both 
groups improved toward statistics at approximately the same rate, resulting in no significant 
difference in mean change in attitude. 
Correlation coefficients of .687 and .613 were noted between composite achievement 
score and previous hours of college mathematics, and composite achievement score and pre-
test attitude score, respectively. Both variables were useful in predicting achievement in 
statistics. 
A backward model building procedure was used to produce a prediction model for 
student achievement. By use of the composite score as the criterion variable and IQ and 
previous hours of college mathematics as the predictor variables, a model was produced that 
explained 53.2% of the variability in the criterion. This regression proved to be as meaning-
ful as the model utilizing IQ score, hours of math, sex, and treatment. 
In the future, other variables that would be relevant to graduate student performance 
such as age, hours of study devoted to the course, etc. will be included in an attempt to in-
crease the R square of the predictive equation. 
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THE ULTRASTRUCTURE OF THE EXCRETORY BLADDER IN 
THE SUPPOSED ANEPITHELIOCYSTID CERCARIAE OF 
POSTHODIPLOSTOMUM MINIMUM 
(MACCALLUM, 1921)1 
Edwin C. Powell 2 
ABSTRACT. The supposed anepitheliocystid cercariae of Posthodiplostomum minimum has 
both an excretory bladder and an excretory atrium. Ultrastructurally, the bladder epithelium 
is syncytial and appears to be secretory. This lining is continuous with that of the main ex-
cretory ducts, but is separated by septate-like desmosomes from the excretory atrium. These 
observations do not meet La Rue's (1957) criteria for the superorder Anepitheliocystidia. 
However, the bladder described here is very different from those described for supposed 
epitheliocystid cercariae. 
INTRODUCTION 
Powell (1972, 1973), Erasmus (1967), Krupa et al. (1969), and Ebrahimzadeh and Kraft 
(1971) have conducted ultrastructural studies on the excretory bladders of digenetic trema-
todes. The evidence from these studies casts doubt upon the criteria used by La Rue (1957) 
to separate digeneans into the superorders Anepitheliocystidia and Epitheliocystidia. The 
present study is an ultrastructural investigation of the supposed anepitheliocystid bladder in 
Posthodiplostomum minimum (MacCallum, 1921) cercariae. 
MATERIALS AND METHODS 
Naturally infected snails (Physa spp.) were obtained from ponds near Norco, Louisiana, 
and the Miller's Bay Marsh at the Iowa Lakeside Laboratory, Milford, Iowa. After emergence 
from the snail, carcariae were prepared for electron microscopy by techniques described 
earlier (Powell, 1972). Ultrathin sections were observed with a Siemens Elmiskope lA 
(operated at 80 kV) and a Hitachi HU llE (operated at 50 kV). 
RESULTS 
Both an excretory bladder and an excretory atrium are present (Figs. 1,5) in P. minimum 
cercariae. Septate-like desmosomes separate the linings of the two structures. The bladder 
lining (Figs. 2, 3) is syncytial and contains Golgi, numerous ribosomes, and abundant rough 
endoplasmic reticulum adjacent to the nuclei. Vesicles containing electron-dense outer areas 
and translucent inner regions are plentiful. The luminal surface of the lining contains many 
irregularities or caveoli about the same size as the vesicles, suggesting that the vesicles empty 
into the lumen ; or, less likely, that they are pinocytotic in origin. The overall appearance 
suggests that the lining is secretory. 
Anteriorly, the excretory bladder (Fig. 4) is continuous with the main excretory ducts. 
No connecting desmosomes were seen separating the duct epithelium from that of the 
bladder. Posteriorly the bladder empties into the excretory atrium. The morphology of the 
atrium is similar to that described by Powell (1973) in Schistosoma mansoni, except for the 
presence of dark vesicles in the atrial lining. Two caudal ducts similar to those noted by 
1 This research was funded in part by grants from USPHS-NIH (GM 669), Iowa State Uni-
versity Research Foundation, and the Houston Endowment Fund. 
2 Assistant Professor, Department of Zoology, Iowa State University, Ames, Iowa 50010. 
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Powell (1973) and Ebrahimzadeh and Kraft (1971) in S. mansoni discharge from the posterior 
end of the atrium. 
DISCUSSION 
Unlike Schistosoma mansoni, which has no cercarial excretory bladder, Posthodiplosto-
mum minimum has a well-developed excretory bladder. The lining of this bladder is cyto-
plasmic and appears to be a secretory syncytium. These findings are contrary to La Rue's 
(1957) view that "anepitheliocystid" cercariae should have thin, noncellular, membranous 
linings around the excretory bladders. Thus, more doubt is cast upon La Rue's classification 
scheme. It should be noted, however, that the bladder epithelium of P. minimum is con-
siderably different from that described in the supposed epitheliocystid worms,Ochetosoma 
aniarum and Cryptocotyle lingua: Krupa et al. (1969) found in cercarial excretory bladders 
of C. lingua a well-developed secretory syncytium containing much rough endoplasmic reticu-
lum in parallel arrays and large secretory granules. Powell (1972) noted a similar situation 
as well as large pe1fouclear outpocketing in the cercarial bladders of 0. aniarum. He also 
observed that the bladder lining was not continuous with that of the main excretory ducts, 
but was separated by septate-like desmosomes. 
The evidence seems to negate the criteria used by La Rue (1957) to separate digeneans 
into two superorders; and, as indicated by Powell (1973), the superorders should be con-
sidered invalid until more evidence is gathered to reassess the validity of the Anepithelio-
cystidia and Epitheliocystidia. 
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Fig. 1. A survey micrograph of the tail-body junction of a Posthodiplostomum minimum 
cercaria, showing the excretory bladder (EB), the bladder lining (BL), and the 
excretory atrium (EA), the lining of which is separated by septate-like desmosomes 
(D) from the bladder lining. Pathways of the two ducts, which leave the bladder, 
are indicated by arrows. 6, l 20X. 
Fig. 2. A closeup of the bladder lining of a P. minimum cercaria, showing one of the nuclei 
(N), Golgi (G), rough endoplasmic reticulum (ER), vesicles (V),and caveoli (arrow). 
10,0BOX. 
Fig. 3. The Golgi, rough endoplasmic reticulum, and vesicles found close to a nucleus in the 
bladder epithelium of a P. minimum cercaria. 2 7, OOOX. 
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Fig. 4. A survey micrograph of the posterior end of the body of a P. minimum cercaria, 
showing the continuity of the bladder lining (BL) with the lining of the main 
excretory ducts (DL). 3, 460X. 
Fig. 5. Frontal section of P. minimum cercaria, in the tail-body junction, showing two 
ducts (ED) entering the excretory bladder (BL), which empties into the excretory 
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This "Conference on Intensive Culture of Forest Crops" was sponsored by the Depart-
ment of Forestry and University Extension, Iowa State University, in cooperation with units 
of the U.S. Forest Service. Initial program topics were identified by a committee of foresters 
representing private industry, the U.S. Forest Service, and Iowa State University. 
This benchmark conference was designed to define the concept of intensive, culture and 
provide a progress report on the state of our knowledge. Primary consideration was given to 
applications appropriate for the North Central region, but experiences in other parts of the 
country were discussed. Emphasis was placed on supplying information useful to practicing 
professional foresters and management personnel. 
1 This conference was held on March 5th and 6th, 1974, at Des Moines, Iowa. 
2 Contributed by Dean R. Prestemon, Program Chairman and Associate Professor, Department 
of Forestry, Iowa State University, Ames, Iowa 50010. 
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SUMMARY OF KEYNOTE ADDRESS: WHY CONSIDER 
INTENSIVE CULTURE? 
A. W. Nelson, Jr. 1 
"And he gave it for his opinion 'That whoever could make two 
ears of corn or two blades of grass, to grow upon a spot of 
ground where only one grew before, would deserve better of 
mankind, and do more essential service to his country, than the 
· whole race of politicians put together.' " 
from Dean Swift, Voyage to Brobdingnag 
Of all the fears that dominate people, none is more persistant than that of famine. 
Therefore, it is not surprising that intensive culture appeared very early in agriculture because 
of the overwhelming need of people to eat. There is a highly visible cause-effect relationship 
between intensive agriculture and food supplies. 
Progress during the last half century has been particularly rapid, with one farmer now 
supporting 20 or more people who are able to turn their efforts to activities other than growing 
food. Intensive culture of forests, on the other hand, has come along very slowly by compari-
son. We had a very large storehouse of wood of all species and sizes-so much, in fact, that 
trees were obstacles that had to be removed. 
The fact that trees grow and respond to culture has been well known for years. Practical 
forestry developed first in Europe where demand for wood exceeded the ability of wild 
forests to supply it. Forestry in North America followed a similar pattern. Even so, we are 
not practicing all the forestry we know. 
Unlike the condition in agriculture, where nobody is speaking out for a limitation on the 
production of food, a vocal minority is very much against the practice of intensive forestry. 
Any consideration of the future of intensive forestry will have to take into account the reasons 
for these attitudes. 
Sometimes a crisis is necessary for the American people to understand certain basic is-
sues. The oil crisis has brought home our dependence on a depletable natural resource whose 
scarcity, whether real or contrived, can only result in ever higher prices. 
Wood is a truly versatile renewable raw material. We have the capacity to produce much 
more than we are producing on a continuous basis. Certain perogatives will have to be met 
and maintained before intensive culture will become a reality. Where does the public interest 
really lie? 
1 Vice President, Industry Affairs, Champion International, Atlanta, Georgia. 
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THE PRODUCTIVE POTENTIAL OF WOODY PLANTS1 
John C. Gordon 2 
ABSTRACT. The dry-matter productivity of woody plants is compared with that of annual 
crops and with a calculated theoretical maximum productivity. Woody plants at high densi-
ties and comparable cultural levels are as productive as annual crops and have several potential 
advantages as crop plants, including infield storage of product and coppice regeneration that 
eliminates the need for planting after each harvest. Sufficient genetic diversity is available 
within and among woody species to provide for continued yield improvement through se-
lection and breeding and to avoid the dangers of monoculture. 
INTRODUCTION 
"Although we have made a good start in the preliminary research dealing with the growing 
and protection of timber crops, we have as yet largely failed to apply the techniques of the 
fundamental biological sciences to the solution of these problems." 
This quotation is from A National Program of Forest Research, prepared by E. H. Clapp 
in 1926. It was true then, and I think it is true now, 50 years later. Although our knowledge 
of forest trees has improved greatly since 1926, we have made relatively little conceptual or 
actual progress in yield improvement. The reasons are many, but are most often summed up 
under the general rubric, "economics". Wild or semiwild woodlands often have not returned 
as much money per acre or per invested dollar as have other forms of land use, notably annual 
agriculture. Trees, in contrast to annual crops, are now usually on sites poorer for plant growth, 
and few cultural measures are taken to improve them. There has been a tendency to infer 
from this that trees inherently are less productive than other plants, particularly under inten-
sive cultural conditions. In this paper I will assess this notion, and in doing so try to answer 
the following three questions about trees viewed as biological machines for the production of 
industrial raw material: 
1. How productive (efficient) are woody plants now? 
2. How can "techniques of the fundamental biological sciences" be applied to 
increase. the productivity (efficiency) of woody plants? 
3. What is the future of woody plants as sources of industrial raw material? 
CURRENT PRODUCTIVITY 
To assess the current productivity of woody plants, one can 
1. examine current yield figures from commercial operations and experimental plots, 
2. compare species and variants-within-species with each other and with agricultural 
crops, and 
1 Journal Paper No. J-7915 of the Iowa Agriculture and Home Economics Experiment Sta-
tion, Ames, Iowa. Project 1872. 
2 Professor, Department of Forestry, Iowa State University, Ames, Iowa 50010. 
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3. compare woody-plant productivity with theoretical maximum productivity 
attainable with green plants. 
Current yields are difficult to compare because of the different utilization standards 
employed in measurement (Smith and Debell, 1973). Table 1, however, compar-es some 
standardized yield figures illustrating the range of data currently available in the literature. 
I could conclude at this point by saying that yield can be increased at least by a factor of 7.5 
(compare, for example, aspen and hybrid poplar in Wisconsin), and that this represents the 
documented biological potential of woody plants under intensive culture. 
The truth is more complex. What Table 1 does show is that, by judicious combinations 
of cultural practice and plant material, we can raise productivity substantially above that 
achieved by most "wild" stands. It also seems to say that potential productivity of tree 
species is on a par with at least one annual crop, kenaf, an annual Hibiscus being tested in the 
southeastern United States for use by the pulp industry. I would like to explore the com-
parison between woody plants and conventional annual crops further. 
One criterion by which plant productivity can be assessed is solar efficiency. This calcu-
lation presents the chemical-bond energy stored by a crop as a percentage of the solar energy 
in the photosynthetically active wavelengths intercepted by the land area occupied by the 
crop-i.e., crop energy/solar energy for an acre. Table 2, adapted from Hellmers and Bonner 
(1960) compares solar efficiencies for some forest and annual crops. Two important facts and 
several points of interest emerge from this table. First, solar efficiencies of woody-plant stands 
are low. But, oddly enough, they usually are not much lower than those of intensively cul-
tured annual crops. The explanation for this is suggested by comparing the younger and older 
stands of beech and pine. The young stands evidently do not intercept light as efficiently as 
do the older stands because they haven't yet established the optimum amount of leaf area, 
the optimum arrangement of leaf area, or both. Similarly, annual crops suffer because, during 
much of the crop period, solar energy falls uselessly on bare ground. For much of the growing 
season, leaf area may be below optimum for annual crops. 
Another way to assess the current productivity of woody plants is to compare their 
productivity with a calculated, theoretical, maximum productivity for land plants. Loomis 
and Williams (1963) presented such a calculation and some actual yields to compare with it. 
Table 3 compares annual crops and one tree crop with this theoretical maximum. Again, trees 
in this instance (hybrid poplars grown under intensive culture in Northern Wisconsin) do well 
in comparison with annual crops. 
These comparisons between tree crops and annual crops seem to demonstrate con-
clusively that, in terms of currently obtainable yields, trees are at no substantial productivity 
disadvantage. They also indicate that trees are productive despite their metabolic disadvan-
tages (such as lower rates of photosynthesis per unit of leaf area) when compared with tropi-
cal grasses such as corn and sugar cane. Corn, sugar cane, and a number of other less prevalent 
crop plants possess an efficient mode of carbon fixation that involves specific leaf structural 
arrangements; low daytime respiration rates; and an alternative, highly efficient, photosynthe-
tic carbon fixation metabolism (Black, 1973) termed C4 or Hatch-Slack pathway. Trees, 
however, have the advantage of a perennial habit, the ability to carry large quantities of 
photosynthetic surface per unit land area, and more complete seasonal occupancy of the 
production site. Table 4 summarizes the productive advantages of coniferous trees, angio-
spermous trees (hardwoods), and corn. In any event, by applying known techniques of 
nutrient and water optimization, wood yields can be greatly improved. 
IMPROVEMENT OF PRODUCTIVITY IN WOODY PLANTS 
The basic physiology of any one species of tree is much less well known than that of ariy 
major crop plant. This situation can be remedied only by massive amounts of fundamental 
research done in a coordinated way on selected species of trees. However, there are indica-
tions that tree yields can be substantially improved through the application of principles 
developed largely in annual-crop production research (Larson and Gordon, 1969). Beyond 
nutrient and water optimization techniques, the following three areas seem to hold particular 
promise for yield improvement: 
1. change the basic nature of the photosynthetic process, 
2. change the shape of individual plants and the configuration of stands, and 
3. optimize the internal allocation and utilization of photosynthate, nitrogen, 
and mineral nutrients. 
Table 1. Comparative yields of tree species, with yields reported as above-ground dry weight of wood and bark, expressed as tons per acre 






























































Dawson, personal comm. 
White et al., 1970 
Harms, personal comm. 
Heilman et al., 1972 
White et al., 1972 
Steinbeck et al., 1972 
DeBell,1972 
Schreiner, 1959 
Zavitkovski and Stev~ns, 1972 
Smith and DeBell, 1973 
Schreiner, 1970 
Baskerville, 1965 









































Table 2. Solar efficiencies for forest and agronomic crops, adapted from Hellmers and Bonner (1960). 
Crop dry weight includes all above-ground dry weight {leaves, branches, and stems). 
Days in Visible Total Crop Crop 
__Q!'.2.2_ Field Solar Energy Dry Weight Energy 
(106 KCal·acre-1) (Tons·acre.-lyr.-1) (106 KCal·acre-1) 
Corn 120 870 5.3 19.1 
Sugar Cane 360 2,580 13.6 49.5 
Beech (8 yrs.) 165 870 3.3 12.1 
Beech (25 yrs,) 165 870 5.9 21.8 
Scotch Pine (12 yrs.) 365 1,590 4.4 16.1 
Scotch Pine (22 yrs) 365 1,590 8.9 32.4 











































CONFERENCE ON INTENSIVE CULTURE OF FOREST CROPS 271 
Table 3. Annual crops and trees compared to theoretical maximum productivity (adapted, 
and added to, from Loomis and Williams, 1963). 
Total Dry Niean Growth Percent 
Weight Rate Maximum 
(Tons/acre.yr.) (g/m 2 ·day) 
Napiergrass 43.0 (365) 1 26 33 
Algae 20.0 (300) 15 19 
Sudangrass 13.3 (160) 18 23 
Hybrid poplar 10.0 (100) 22 28 
Theoretical Max. 77 100 
1 Growing season length, days 
Table 4. Advantages and disadvantages of coniferous and hardwood trees in comparison with 
corn. 
Conifers vs. hardwoods 
Hard woods vs. conifers 
Both compared with corn 
Corn compared with trees 
Advantages 
Erect branching 
High leaf surface/area 
Continuous Ps surface 
Rapid juvenile growth 
High Ps rates per unit leaf area 
Adaptability 
Perennial habit 
More complete use of growing season 
Greater and more favorable leaf -· 
display 
C4 metabolism and internal leaf 
structure 
All three approaches are difficult and will require substantial amounts of research. The 
first, changing the basic nature of the photosynthetic process through breeding or chemical 
treatment, is probably the most difficult and also probably would yield the most startling 
improvements in productivity. If the basic quantum efficiency of photosynthesis could be 
improved, yields could be improved proportionally in trees as well as in other crop plants; 
however, this approach currently is but slightly entrusted. Bonner (1962) points out that 
chloroplasts can use only about one-quarter of the visible portion of full sunlight for photo-
synthesis. This means that a "modulating" chloroplast that could adjust its light utilization 
capacity to light intensities across the entire range found in the field would increase produc-
tivity drastically. Again, good ideas for approaching this problem are scarce. Perhaps the 
most promising basic modification of the photosynthetic process is the suppression of respira-
tion in the light. So far as we know (Dickmann and Gjerstad, 1973) all trees fix carbon 
photosynthetically via the Calvin cycle (C3 pathway) and respire in the light. Respiration in 
the light evidently proceeds by a different pathway than respiration in the dark and results in 
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the release of no energy usable for tree growth. It thus seems to be a wasteful process, and 
its suppression through breeding or chemical treatment would result in substantial yield im-
provement. 
A second area, which holds immediately relizable possibilities for yield improvement, 
involves changing the shape of individual trees and the configuration of leaves, branches, and 
stems in stands through selection, breeding, and manipulation of stand density. Larson (1962) 
pointed out that control over stand density was the forester's most powerful tool to manipu-
late, not only yield, but also wood quality . This is particularly true of intensively cultured 
stands of woody plants, and the effects on growth of control over stand density can be en-
hanced by selection of trees with optimum stand behavior characteristics. Erect-leaved 
varieties of corn and "noncompetitive" genotypes of rice have shown themselves superior in 
yield to genotypes of more conventional shape. Selection of this kind could be particularly 
profitable when applied to trees. Under intensive culture the need for trees to compete for 
light, nutrients, and water is, by definition, greatly decreased. Thus, efficient occupancy of 
space allocated to each individual in a stand, rather than competition for possible growing 
space, becomes the criterion by which genotypes should be chosen for intensive culture. 
Failure to appreciate this had led to confusion that still persists over "ideotypes" for woody 
plants. Cultural treatments other than maintenance of optimum density may be applicable 
to yield improvement through control of plant shape. Hormonal treatments have been used 
to change the shape of soybean crowns, thus improving stand light interception and increasing 
yields per acre. Experimentation with similar techniques on woody species is urgently needed. 
Another area of physiological and genetic yield improvement that should get more at-
tention is the optimization of the internal allocation and utilization of photosynthate, nitrogen, 
and mineral nutrients. A recent study of hybrid poplar clones (Paul Wray, Iowa State Uni-
versity, personal communication) showed considerable variation in the percentage of total dry 
weight allocated to the stem, the plant part with the highest percentage of currently usable 
fiber. Similarly, genotypes could be selected for maximum response to specific cultural en-
vironments. For example, the ability to respond to nitrogen fertilization probably differs 
within and between woody plant species. Also, all nonleguminous plants that fix atmospheric 
(elemental) nitrogen are woody perennials (Stewart, 1966). This suggests the existing poten-
tial to expand the capacity for fixing atmospheric nitrogen to other woody taxa and, thus, to 
decrease nitrogenous fertilizer requirements. 
These are only some of the opportunities for improving woody plant yields through 
physiological and genetic manipulation. Thus, it seems that woody-plant yields can be greatly 
increased, perhaps by an order of magnitude over those of most natural stands, by the appli-
cation of what we now know, and the prospects for further yield improvement through physi-
ological and genetic research are very good. It often is argued that use of woody plants as in-
tensively cultured crop plants will lead to environmental damage and economic loss through 
the adverse effects of "monoculture". Certainly, if we are foolish, this is a possibility. With 
the genetic diversity of trees available for use, however, there is no compelling reason to estab-
lish vast acreages of identical or similar genotypes. This issue is put in better perspective by 
contrasting the approximately 200 commercially used woody spec:ies in North America with 
the annual crop situation presented in Table 5. Clearly, we have far to go before two inten-
sively cultured species comprising only 12 major varieties occupy nearly 70 million acres, as 
is true of soybeans and corn. 
Table 5. Genetic vulnerability of some major and minor annual crops as indicated by acres 
planted and areas occupied by major varieties (adapted from Genetic Vulnerability 
of Major Crops, Report of Committee on Genetic Vulnerability of Major Crops, 
National Research Council, NAS). 
Crop Total Acres Major Varieties Occupy % Total 
(millions) (number) (percentage) 
Soybean 42.4 6 56 
Corn 66.3 6 71 
Pea 0.4 2 96 
Peanut 1.4 9 95 
Millet 2.0 3 100 
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WOODY PLANTS AS FUTURE SOURCES OF RAW MATERIAL 
The culture of woody plants has a considerable number of advantages over the culture 
of annual crops, from both an environmental and an industrial point of view. Woody per-
ennials have the economic advantage of being "self-storing" crops that need not be promptly 
harvested at the end of the growing season to prevent deterioration. Also, woody perennials 
used in intensive-culture systems so far have been those that sprout from stumps or roots 
after harvest so that replanting is not necessary. Thus, passes over the crop area with heavy 
machinery are reduced by the less frequent harvesting and planting than in annual agri-
culture; and, because of the nearly continuous vegetative cover, the site is better protected 
from wind and water erosion and usually more pleasing to view. 
Currently, products manufactured from wood nearly always utilize inherent wood struc-
ture. The most technologically advanced industry based on woody perennials is the pulp and 
paper industry. Even in this industry, with the exception of the relatively small segment 
producing dissolving pulps, inherent fiber properties are paramount. The use of wood for a 
wide variety of chemical products not dependent on tree morphology is possible, e.g., meth-
anol for fuel (Reed and Lerner, 1973), and has been practically proven. Wood cannot now 
compete with cheap petroleum as a raw material for many processes for which wood is tech-
nologically suitable. As events of the past year have indicated, cheap petroleum may not 
continue to be a stable component of the world natural resource base. 
Pirie (1968) has suggested the use of protein from tree leaves for feed and food. Poplar 
trees grown under good cultural conditions have high leaf-protein contents (Gordon, 1971); 
and, in a world short of protein, this facet of woody perennial utilization should be more 
thoroughly explored. 
We are entering the time during which woody perennials will be extensively domesti-
cated. Those of us who deal as researchers or managers with trees must not be afraid to think 
about new cultural opportunities and products. Perhaps we can make a fundamental con-
tribution to the rationalization of at least some portions of industry in ways that are environ-
mentally sound and that promote the use of the one, large, long-term energy supply, the sun. 
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ECONOMIC ENVIRONMENT OF INTENSIVE CULTURE 
William R. Bentley 1 
ABSTRACT. The purposes of this discussion are three-fold. First, we do need to review 
pragmatic use of economic thinking in analysis of intensification opportunities. Second, 
economics provides one test of our understanding regarding the message that now is the time 
for rationalizing timber culture. Third , this focus is one way to gain a broader perspective on 
the multitude of issues raised by large-scale application of more intense silvicultural systems. 
MANAGERIAL ECONOMICS 
Virtually all timber production units, public or private, share some common concerns 
with regard to the financial aspects of their activities. Even if economic returns are not 
critical, cost make-up cash-flows have to be controlled and allocated according to some 
budgeting process. With rare exception, somewhere in the budgeting system someone asks 
if a particular investment will at least break even. Increasingly, boards of directors, members 
of Congress, and top-level executive officers are asking for comparisons among alternatives 
so that timber management may be rationalized in terms of profit goals or other indices of 
efficiency. The focus of forest-management economics research for the past 15 years has 
been improved methods of cash-flow analysis in timber production so that the budgeting 
process can be a more effective tool of public and corporate management. 
The long-term context of timber production with its many sources of uncertainty has 
often frnstrated development of better analytical methods. In many cases improved tools have 
not been used fully because they were little understood or the issues confronted by actual 
decision makers were more complex than those portrayed in analytical constructs. This has 
led to an increasing concern for incorporating economic skills into the basic design process 
along with biological-ecological experts, and, hopefully, a broader, more correct perception 
of the actual issues at hand. 
Perception is the most critical aspect of any defined process for solving problems, but 
also it is the most difficult to articulate or systematize. Forest economists added important 
new dimensions to perception of timber management issues, but may have contributed to 
some weaknesses in perception as well. The inhouse joke among economists is that they as-
sume the problem away then proceed to solve what is left. An overly logical view of the 
world can lead to a variety of errors of omission. By neglecting a harsh examination of basic 
supply and demand relationships, for example, we may misinterpret the basic signals of 
supply and demand interaction-prices. Like the Wicked Queen's mirror on the wall, mana-
gerial economic analysis may tell us what we want to hear-high-intensity timber culture is 
rational management-not a more subtle truth that incorporates considerable uncertainty 
regarding what is rational in a particular context. 
1 Professor of Resource Economics and Management, The University of Michigan, Ann Arbor, 
Michigan. 
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SUPPLY AND DEMAND 
Supply and dem~nd determine virtually all timber product prices. Timber raw materials 
are no exception, but the linkages between competitive national markets for paper, lumber, 
plywood, and standing trees in local timbersheds are quite variable. With few exceptions, 
national markets are workably competitive and producers have little control of prices. At the 
timbershed level, however, competition often is limited to few major buyers or a number of 
institutional factors that strongly modulate competitive forces. Sustained-yield regulation 
strategies by both public and corporate timber owners and the procedures for public timber 
sales are among the more obvious such factors. 
The recent rapid rise in cost of many paper products illustrates some of the possible 
linkages. National supply at any time is limited by capacity. Over a reasonably wide range of 
output, price will remain fairly stable. When aggregate capacity is reached, prices rise as de-
mand shifts outward against a steeply rising supply function. Such signals, if prompted by 
demand shifts that are expected to persist, usually entice new plant investment, which shifts 
the "hook" in supply outward. Prices return to lower levels and the market mechanism is 
given one reasonable validation as a social process. 
Some reasons why this may not occur so rapidly with current price rises are the follow-
ing: (1) The paper industry recently passed through a period of overcapacity, which meant 
losses for many operating units; consequently, investors are cautious. (2) Current economies 
of scale require very large additions to capacity, so the impact on prices is greater and the risk 
for creating overcapacity again increases. (3) Environmental standards have altered the cost 
picture substantially and may have added to the uncertainty associated with plant investment. 
(4) Timber supplies in some locales simply are not available in the characteristics desired, 
especially those concerned with long-term security. 
Where timber supply is critical, :timber prices have risen quite rapidly. This phenomenon 
is most easily observed in West Coast public timber sales, but also is evidenced in Southern 
timberland prices. The heightened iinterest and activity in intensification of timber culture 
by several corporations are other ~esponses to critical supply situations, especially where 
sustainable flows of raw material qan be increased immediately by increased long-term in-
vestments. ' 
It is important to recognize, qowever, that in many areas other factors have led to paper 
price increases. Either timber prices have not risen or price increases are merely transitory 
phenomena, which make the longterm picture cloudy. Such transitory price movem,ents are . 
especially noticeable in timber markets dominated by solid-wood processors. Unlike the 
steady demand increase for fiber .products, demand for construction materialis much more 
volatile and subject to the vicissitudes of economic and political cycles. 
Further, high timber values in a particular locale can be eroded by new capacity in other 
areas(even other nations), which drives down prices by shifting out supply. Given the positive 
net growth-cut figures worldwide, it is difficult to argue that wood fiber supplies will be a 
constraint that will raise either product or raw material prices substantially above recent 
levels over the next few decades. 
LONG-TERM TIMBER SUPPLY 
The supply of harvestable timber several decades hence is a function of investments in 
silviculture, protection, and simply holding growing stock. A supply curve can be envisioned, 
which is the schedule of wood produced ranging from cheapest to most expensive. A critical 
question for any organization of timber culture to ask is where on the supply schedule will 
these opportunities lie? Natural or low-intensity management produces the cheapest wood as 
such. Costs rise because of inefficient harvesting and processing and high interest costs for 
long (relatively speaking) rotations. Management is rational because of possible trade-offs that 
allow more-managed timber to compete with less-managed timber on a cost-per-unit basis. 
The most expensive wood produced, however, is the most risky in terms of costs not being re-
covered when prices fluctuate tm~xpectedly. The extremes of intense culture are quite ex-
pensive and are, in this sense, high risk. 
The long-term supply formulation is more often constructed in terms of a capital budget. 
The opportunities for timber investment are arrayed from best to worst in terms of -cri:t.eria _ 
such as present net worth or rate of return. Either way of looking at timber investment 
productivity, however, may afford too narrow a view of the problem. The potential imme-
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diate pay-off in cases of timber regulation (the so-called, allowable-cut effect) already has 
been mentioned. Protection of processing plant investment is another equally significant 
reason for timber investments. In all cases the optimum must be defined in terms of a logical 
whole such as the corporatfon or region, not simply the forest resource alone. 
POLITICAL-ECONOMIC OVERVIEW 
Beyond managerial analysis and supply-demand relationships, the overall political-
economic picture must be assessed. Here the greatest advantages of intensive timber culture 
are most obvious and the flaws become most critical. 
Multiple-use is an inherently sensible ends-means approach to managing complex forest 
ecosystems. Indeed, it is difficult to avoid with even the most meager sense of resource con-
servation. Nonetheless, it is difficult to apply in a rational fashion in a society of many de-
sires and values. Consequently, dominant use is a viable means for avoiding unne~essary con-
flicts over forest land use. Increased timber production on the best sites and some marginal 
agricultural lands frees land for more specialized use in recreation of all types and for wilder-
ness and green belts. 
Environmental consciousness with its consequent public interference in land management 
for all purposes is a reality that will increase in importance. Consequently, a shift toward 
dominant use will not avoid all conflicts. This is especially true of practices that can have 
spillover effects on neighbors, such as use of fertilizers, pesticides, monocultures, and other 
tools of intensive plant culture. 
These problems have no easy solutions and, like more direct economic assessments, 
analyses that reveal only half-truths must be avoided. Most of the environmental difficulties 
can be reduced , if not eliminated, by competent professional design. Beyond this, a modicum 
of social sensitivity by professional foresters will prevent most serious errors from reaching 
general practice. 
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ARE CULTURAL METHODS AVAILABLE TO MAXIMIZE YIELDS? 
David H. Dawson 1 
ABSTRACT. In order to discuss meaningfully "cultural methods to maximize yields", it is 
desirable first to define what is meant by "intensive culture." The term, as applying to a stand 
of trees, can be defined as a system of practices that optimize all manageable aspects of the 
environment. Included would be the following: selection of superior genotypes, planting at 
optimum density, control of competing vegetation, maintenance of favorable soil moisture and 
nutrient levels, and control of insects and pathogens. The desired product would, of course, 
determine how some of these elements would be applied. 
* * * * 
Perhaps the most important word in the definition is "system." Intensive culture is 
concerned with a number of cultural treatments applied to the same stand-not just one or 
two practices as generally in "timber stand improvement." 
The selection of proper genotype, although not strictly speaking a cultural practice, is of 
primary importance. The chosen trees must be responsive to the various cultural practices 
applied if yields of the desired product are to be maximized. For example, we need trees that 
are physiologically efficient ; that is, trees that will produce photosynthate fast and distribute 
most of it to the stem when grown in an ideal environment. We also need trees that utilize 
more fully the growing season in the area in which they are to be grown. And, further, we 
need .trees that produce the best quality wood for the intended product. These desired traits 
may be achieved by breeding and selection. 
Once superior trees have been developed or selected, we must know how to propagate 
them. If genetically selected material is to be used, natural regeneration is not an option, at 
least for the first rotation. Hence we must know how to produce the cuttings, seedlings, or 
other propagules in mass quantities. 
The necessity for site preparation and competition control has been mentioned. Per-
mitting only the plants of economic interest to occupy the site is one of the conditions 
necessary for maximum production. The nature of plant competition is not well understood, 
but it generally deters growth. Few sites provide truly optimum levels of nutrients. Tissue 
tests on trees grown on even the best· forest sites rarely indicate that nutrients are above the 
critical level. Hence, if wood production is to be maximized rather than simply increased, 
the potentials of fertilization must be seriously studied. 
Greenhouse and growth-room studies have shown consistently that the optimum moisture 
level for most species is usually far greater than what is normal on even excellent woodland 
sites. So the addition of water is essential for substantial yield increases in many instances. 
On the other hand, many -sites are too wet, and drainage may be necessary. 
Perhaps one of the more difficult questions to answer concerns proper plant densities 
and rotations: "Do many small trees per acre produce as much or more than fewer large 
trees per acre? If so, what is the quality of the wood?" Plant spacing influences not only 
rotation period, but also nutrient and moisture levels, size attained by each plant, and total 
yield per stand. 
Disease and insect damage can of course reduce yield. Furthermore, the new environ-
ment provided for improved tree growth may bring about unexpected insect and disease 
1 Project Leader, U.S. Forest Service, North Central Forest Experiment Station, Rhinelander, 
Wisconsin 54501. 
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problems. On the other hand, control methods that are impractical for conventional stands 
may be readily applicable to intensively cultured plantations. Hence, totally new methods of 
control can be considered. 
Although each of the cultural methods to be discussed could increase yields, research 
must explore the interactions among them. Are the gains normally attained by each practice 
additive? If not, just what interactions in terms of yield and quality of product can be 
expected? Finally, the environmental impact of intensive-culture forestry needs to be deter-
mined. 
We hope this session will help determine our state of knowledge on culture methods 
for intensive forestry. 
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PLANT MATERIALS APPROPRIATE FOR INTENSIVE CULTURE 
OF WOOD-FIBER IN THE NORTH CENTRAL REGION 1 
Donald I. Dickmann 2 
ABSTRACT. This discussion concentrates on tree species adaptable to the environment of 
the North Central Region, which exhibit characteristics presently envisioned to be prerequisite 
to intensive, short-rotation culture and management. The general ideotype for such a tree is 
first discussed, followed by some specific examples and recommendations among hardwoods 
and conifers. Certain of these recommendations are speculative and require experimental 
verification; yet, if fiber supplies become limited, farfetched alternatives may become reality. 
INTRODUCTION 
When considering the question "what plant materials are appropriate for intensive wood-
fiber culture?," one is faced with a multitude of possible candidates. Nearly 800 species of 
arborescent woody plants are indigenous to North America. When this figure is compounded 
by exotic trees, hybrids, selections, cultivars, and clones, the possibilities become almost 
infinite. In addition, certain "nonwoody" plants may deserve consideration as sources of 
fiber. Notable examples are kenaf and hemp, although the latter's contribution to meta-
physics rather than paper-physics may be more important. Hemp does give more than a 
"high," however, and if social and legal restraints to its culture are removed it may again gain 
distinction as a fiber source. Kenaf also shows potential as a fibrous raw material, particularly 
when combined with wood fiber in a pulp mix. 
THE INTENSIVE CULTURE IDEOTYPE 
When seeking trees that are amenable to intensive culture, it is wise to begin with the 
question "what is the optimum theoretical model or ideotype for such a plant, given a more-
or-less ideal environment?" 
Agronomists are constructing such ideotypes for grain crops, utilizing basic research 
results (Frey, 1970) to avoid the hit-and-miss approach to breeding and selection, which has 
been practiced in the past. The ideotype is used as a coarse sieve to gauge the suitability of a 
given species or variety during an initial selection phase. These selections can then be re-
affirmed or rejected on the basis of field-testing. This initial screening through the ideotype 
should minimize wasted time and rejection of suitable plant material. The ideotype must 
remain flexible, so· that it can be constantly refined and modified to reflect new research 
results. 
A general tree ideotype for intensive culture follows: 
1) Rapid juvenile growth. Obviously trees must grow rapidly if fiber production is to be 
maximized. The key word here is juvenile. Either by. way of genetic propensity or 
stimulative silviculture, trees grown in an intensive mode must get off to a rapid start 
and avoid a lag period after field establishment. 
2) Intermediate growth. The shoots of many species of trees, e.g., poplars, birches, and 
larches, have the inherent capacity to expand throughout the growing season. A tree 
1 Approved for publication as journal article No. 6795 of the Michigan Agricultural Experi-
ment Station, Michigan State University, East Lansing, Michigan 48824. 
2 Associate Professor, Department of Forestry, Michigan State University, East Lansing, 
Michigan. 
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with such indeterminate shoot growth is able to fully utilize the favorable conditions 
for growth, which exist throughout the frost-free growth period. It thereby has the 
potential to accumulate greater dry-matter than a determinate species, like pine or 
walnut, which may set bud with several months of favorable weather still ahead. 
3) Upright, excurrent habit. The important consideration here is concentration of growth 
on a single stem. Although some species are prone to a spreading, deliquescent habit, 
most trees will assume an excurrent form if grown under the high densities envisioned 
for intensive culture. Nevertheless, a species,which exerts a high degree of apical control 
leading to pronounced excurrent form, is preferred. 
4) Steep branch angle; narrow compact crown. Research with field crops grown under high 
densities has demonstrated that the most efficient utilization of solar energy occurs when 
leaves are orientated at an angle from the horizontal (Frey, 1970). Thus, trees with 
branches angled steeply and bearing leaves orientated toward the vertical should most 
effectively intercept solar radiation over a given area. The resulting narrow crown also 
would allow trees to be grown at denser spacings without physical interference. 
5) High shoot to root ratio. The stem is the most easily accessible and highest-quality 
source of wood fiber. Therefore, practices that promote accumulation of dry-matter in 
the stem and selection of species with this inherent tendency are desirable. It should be 
emphasized that roots and shoots are an interdependent system and conditions that af-
fect one segment will affect the other. However, balance of growth can be shifted toward 
the stem (e.g., by maintaining high levels of nutrition), thereby maximizing growth of 
desirable raw material. 
6) Easy to establish and regenerate. Site preparation and regeneration commonly are the 
most expensive silvicultural operations performed during a rotation. These costs will be 
even greater for the high plant densities anticipated for intensive culture. Innovative 
approaches are therefore required. Reliance on vegetative modes of reproduction in 
hardwoods (cuttings, sets, coppice after the first rotation) will ease establishment prob-
lems and allow retention of favorable genetic material. With conifers, high-quality plant-
ing stock and proper post-planting care will aid survival and promote rapid growth. 
7) Acceptable wood properties. Tons of raw fiber produced per acre will be of little benefit 
if its quality is so marginal as to render it practically unusable. Genetic selection, breeding, 
and, to a c.legree, proper silviculture can assure production of a quality raw material. 
Selection for high specific gravity, increased fiber length, low lignin and extractive 
content, absence of reaction wood, and, in hardwoods, low vessel to fiber ratio will be 
essential. If bark is to be included in the raw product, selection for thin bark or for high 
fiber content in this tissue also will be beneficial. 
8) Free of major insect and fungal pests. Like death and taxation, these rapacious creatures 
will always be with us. Genetic diversity in susceptibility to pests does exist, however, 
and can be exploited to build-in resistance to their attack. But pests also can adapt to 
new hosts through genetic shifts, and the spectre of vast, once-resistant, monoclonal 
plantations devastated by epidemic pest outbreaks is real. Thus, selection for resistance, 
while at the same time maintaining genetic diversity in plantations, is the optimum goal. 
Once this ideotype has been established, a concerted effort is needed to locate and propa-
gate trees whose phenotypic characteristics fit the model. Initially this requires screening large 
numbers of wild material and selection of suitable candidates. Combining of superior genes 
through tree breeding is the logical follow-up of wild-type selection. In many cases sizable 
growth gains can be realized in first-generation (F 1 ) progeny through hybrid vigor. Govern-
ment, university, and industry cooperative tree-breeding and improvement programs are 
needed to provide superior genetic stock for intensive culture. 
In addition to selection and breeding, proper silvicultural manipulation is essential. In 
fact, genetic gains can be fully realized only with carefully tailored silviculture. As McKnight 
(1970) pointed out, supertrees are often "prima donnas" and must be treated as such if failure 
is to be averted. More silvicultural research is needed, however, before intensive culture can 
be initiated on a commercial scale in the North Central Region. 
POSSIBILITIES AMONG CONIFERS 
Although most conceptions of intensive culture on short rotations envisage hardwoods 
as growing stock, some possibilities exist within the coniferous group. However, a considera-
tion of their general fit to the ideotype does reveal certain limitations. The criterion for rapid 
juvenile growth may be a problem, because most conifers start fairly slowly when compared 
to hardwoods. On the other hand, with appropriate species selections, utilization of methods 
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to force nursery stock, and optimization of environments, conifers may show surprising 
growth rates (Hanover and Reicosky, 1972; Schreiner, 1970). Most conifers also exhibit 
determinate growth, but selection of genotypes that make maximum use of the growing 
season can be accomplished. True coppice reproduction of conifers after the first rotation 
is not possible, although by harvesting the trees just above the lower whorl of branches a 
type of multiple stem culture can be encouraged. However, nursery and field planting 
techniques for conifer seedlings are well established and regeneration should not be a 
problem. 
In general, the usefulness and applicability of coniferous trees for intensive culture fits 
into a distinct niche. Conifers are less site demanding than hardwoods and could be establish-
ed on both moist and dry upland sites where medium heavy to sandy soils predominate. The 
rotations would be somewhat longer than for hardwoods to allow time for maximu~per-acre 
growth to develop. Longer rotations also would increase the proportion of wood tissue over 
foliar tissue, which would probably be included in the raw product, and would improve fiber 
properties. 
Some specific examples and recommendations include the following: 
1) Larches. The various exotic species and hybrids of larch may be the fastest growing 
conifers adaptable to the North Central Region. Japanese larch (Larix leptolepis), 
European larch (L. decidua), and their hybrid (L. x eurolepis) are especially promising; 
and test plantations have been established throughout the North Central and North-
eastern U.S., with good to spectacular results (Farnsworth et al., 1972; Littlefield and 
Eliason, 1956; Sartz and Harris, 1972). Even native tamarack (L. laricina) grows sur-
prisingly fast on upland sites. Because of its deciduous character, this genus offers the 
additional advantage, if harvesting is done during the dormant season, of a raw product 
devoid of foliage. 
2) Pines. Several candidates exist among indigenous and exotic pines. Some interest has 
been shown in jack pine (Pinus banksiana) because of its rapid juvenile growth and high 
quality fiber. Initial data from provenance trials have shown that improved growth can 
be expected from southernmost seed sources (Canavera and Wright, 1973). White pine 
(P. strobus) also may prove a valuable tree for intensive culture on the better upland sites, 
especially if rapidly growing Southern Appalachian seed sources are utilized (Wright, 
1970). In the southern parts of the North Central Region, loblolly pine (P. taeda) may 
even be employed for intensive culture. Superior selections of red pine (P. resinosa) and 
Scotch pine (P. sylvestris) also hold some promise on poorer sites. 
3) Spruces. The spruces, long prized for their long-fibered pulp, have slipped in esteem of 
late because of their notoriously slow initial growth. Recent research has shown, how-
ever, that growth of spruce seedlings can be accelerated under commercially feasible 
artificial conditions (Hanover and Reicosky, 1972). Because of the work that has been 
done on genetic improvement and seed source selection (Nienstaedt and Teich, 1971), 
white spruce (Picea glauca) and Norway spruce (P. abies) are good candidates for inten-
sive culture at this time. Fast-growing seed sources of blue spruce (P. pungens) also could 
be considered on very draughty sites. 
4) Other conifers. Rocky Mountain Douglas-fir (Pseudotsuga menziesii var. glauca) is widely 
planted as an ornamental and Christmas tree in this region. Seed sources from southern 
Colorado, Arizona, and New Mexico have shown superior growth in North Central plant-
ings (Wright et al., 1971) and offer a viable alternative to indigenous conifers on good 
sites. On bottomland sites subject to heavy flooding in the southern part of the region, 
bald cypress (Taxodium distichum) might even be considered, its deciduous character 
and stump-sprouting ability being advantageous. 
POSSIBILITIES AMONG HARDWOODS 
The most exciting potential for high-yielding intensive culture lies within this broad 
group. By virtue of their inherent silvical characteristics and amenability to selection and 
breeding, a large number of hardwood species closely fit the intensive culture ideotype. Their 
suitability for coppice-regeneration systems makes most of these species particularly attractive, 
because reestablishment costs after the first rotation will be minimal. The only limitations 
may be initial stand establishment and wood properties. More experience planting hardwoods 
and the adaptability of pulp technology may well render these limitations minor. 
The "prima donna" designation applies predominantly to hardwoods. The spectacular 
production of many hardwood species can be realized only on upland and bottomland sites, 
which are inherently fertile, well drained, well aerated, and adequately supplied with moisture 
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throughout the growing season. Unfortunately this designation also includes the better agri-
cultural soils, which will continue to be more economically utilized for annual crops. On poor 
sites nutrients and water will have to be supplemented. In general, a high level of silviculture, 
especially control of competing vegetation, is required to bring out the yield potential of 
hardwoods. 
Specific examples and recommendations include the following : 
1) Poplars and aspens. The genus Populus is a complex and variable aggregation. Among 
the Aigeiros (cottonwood) and Tacamahaca (balsam poplar) sections of this genus many 
prime candidates for intensive culture can be found, including eastern cottonwood (P. 
deltoides), the fastest growing tree in North America, and the various hybrids developed 
in this country and in Europe (Schreiner, 1959). A distinct advantage of this group is 
the ease with which promising selections and hybrids can be propagated vegetatively by 
hardwood cuttings. Schreiner (1959, 1970) and McKnight (1970) have discussed in 
detail the intensive culture potential and silviculture of these poplars. Again it should 
be emphasized that the spectacular growth potential of native or hybrid poplars can be 
realized only on the best bottomland and upland sites, or when nutrients and water are 
supplemented. However, they have demonstrated credible growth even on acid-strip-mine 
spoils (Jones, 1973). 
The aspens (Section Leuce) also rank high for intensive culture because of their 
rapid growth, suckering habit, and adaptability to a variety of upland sites in the northern 
part of the region. An additional advantage is that the pulp industry in the North 
Central Region has considerable experience in utilization of aspen raw material. Numerous 
improved selections of quaking (P. tremuloides) and bigtooth (P. grandidentata) aspens 
have been isolated, as well as hybrids between native and exotic aspens. Their perform-
ance in test plantings has been impressive (Benson, 1972). Improved aspen material also 
responds well to intensive culture, particularly fertilization and irrigation in combination 
(Einspahr, 1972). Aspen plantations will have to be established using seedlings, initially, 
however, since hardwood cuttings root poorly. 
All things considered, the genusPopulus probably offers the most exciting prospects 
for intensive culture in the North Central Region. 
2) Willows and birches. On bottomlands subject to heavy flooding, willows may provide an 
opportunity for intensive culture that few other trees can. Native black willow (Salix 
nigra), for example, grows very rapidly initially and can be easily reproduced by vegeta-
tive means. Unfortunately, U.S. foresters have little knowledge of the silviculture of this 
species, although European experience is more extensive. River birch (Betula nigra) may 
also be an alternative on very wet bottomlands. 
Another species worthy of consideration in the northern part of the region is paper 
birch (B. papyrifera). Its juvenile growth is rapid, it sprouts vigorously from young 
stumps, and it is adaptable to many upland sites. However, clonal selections, which fit 
the intensive culture ideotype,need to be identified and field trials initiated. 
3) Maples and ash. Among the maples, the following three snecies stand out as excellent 
candidates for intensive culture: silver maple (Acer saccharin um); red maple (A. rubrum); 
and boxelder (A. negundo). They all are adaptable to a variety of sites throughout the 
region, although their maximum yield potential will be realized on the better bottom-
land locations. The initial growth of these soft maples is rapid, particularly from stump 
sprouts which they produce copiously. Furthermore, they produce large numbers of 
seed yearly, which can be used for initial establishment of plantations. 
Green ash (Fraxinus pennsylvanica) grows on a wide range of soil types and has 
long been utilized for reclaiming spoil banks and for shelterbelts, where its survival and 
growth rates have been high. It grows best, however, on moist bottomlands. Green ash 
vigorously sprouts from young stumps and recently has demonstrated an ability to re-
generate from short cuttings planted horizontally (Kennedy, 1972). Its site adaptability, 
fast growth, predisposition to vegetative propagation , and genetic diversity make green 
ash one of the prime intensive culture candidates for the North Central Region. 
4) Sycamore and yellow poplar. The only species for which extensive data on all phases of 
intensive, short-rotation culture are available is sycamore (Platanus occidentalis). The 
term silage sycamore was coined by the Athens, Georgia, group working out of the South-
eastern Forest Experiment Station and the University of Georgia, and their experience 
and findings have been reported in several outlets (McAlpine et al., 1966; Saucier, Clark, 
and McAlpine, 1972; Steinbeck, McAlpine, and May, 1972). Sycamore fits the intensive 
culture ideotype well, and, because it is hardy in much of the North Central Region, it 
should be considered for any large-scale application of this mode of culture. Although 
sycamore has not been grown intensively in this region, the silvicultural techniques de-
veloped by the Athens researchers should apply equally well in the North. Sycamore's 
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only limitation is its susceptibility to the anthracnose which heavily defoliate trees early 
in the growing season. There are indications of genetic resistance, though, which could 
be exploited in initial selections. 
Another species, hardy in much of the North Central Region, that is being investi-
gated by the Athens group is yellow-poplar (Liriodendron tulipifera). Prized as a timber 
tree, this species also has many attributes that render it potentially useful in intensive 
culture. On moist uplands or cove sites it probably will perform as well as most other 
hardwoods, particularly if coppiced. Cuttings from select trees can be propagated 
(McAlpine and Kormanik, 1971), and genetically improved stock for outplantings could 
be made available in a relatively short period. 
5) Other hardwoods. Numerous other possibilities, many yet untried, exist within the hard-
wood group. Willingness to experiment may reveal some real surprises. One example is 
European alder (Alnus glutinosa), which has been introduced in this country as an orna-
mental and for spoil-bank reclamation. Due to its rapid growth it deserves consideration, 
particularly in mixed plantations on less favorable sites where its nitrogen-fixing ability 
could be beneficial. 
Another example is the Asian tree-of-heaven (Ailanthus altissima), which also has 
been widely planted as an ornamental. Its often spectacular growth rate, tolerance of 
poor soils, and suckering and root-sprouting ability bespeak its potential for intensive 
culture. Whether its wood properties are acceptable is an unanswered question. Who 
knows, though, but what the "tree that grows in Brooklyn" may in the future achieve 
another claim to fame? 
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ESTABLISHMENT AND REGENERATION 
OF SILAGE PLANTINGS 1 
Edwin H. White 2 and Donal D. Hook 3 
ABSTRACT. Intensive culture on short rotations for fiber production is still in its infancy and 
is confined to a relatively small land area. Increased demands and reduced forest acreages 
will increase the need for a system capable of high cellulose production under intensive 
culture. Successful hardwood plantation establishment requires careful site selection and 
intensive cultural practices including cultivation, fertilization, and protection. 
Regeneration potential of established plantations is not well understood; more time and 
research are needed to determine acquired techniques. However, preliminary results are en-
couraging and indicate that the high yield potential of "silage" coppice can be realized across 
the nation. 
INTRODUCTION 
The need for cellulose is rapidly increasing, which means that more and more trees must 
be cut for the manufacture of paper or pressed-wood products. At the same time, our society 
is demanding more diversification in the use of our forest land. In the near future, if not al-
ready, the competition for recreational and watershed uses of our forests will take precedence 
over their use for producing wood in many areas. Additionally, large acreages of prime hard-
wood lands are being consumed by agriculture, cities, highways, and industrial development. 
Hence, we can look forward to a shrinkinglandl:iase for wood production at the same time as 
our needs for wood products increase. · 
To meet this demand, ·we must concentrate our efforts on maximum production of wood 
products from forest lands that are not highly valuable for recreation or other uses. Many of 
our coastal plains in the south and flood plains of large rivers across the country fit this cate-
gory. Certainly maximum yield per acre can be increased by intensive management, i.e., im-
proved genetic stock, fertilization, cultivation, and closer spacings for maximum utilization of 
the site for the desired product. 
A new concept in cellulose production evolved about 8 years ago (McAlpine et al., 
1966; Herrick and Brown, 1967), which incorporates (or has the potential to incorporate) all 
the above-mentioned intensive practices into one system. The system produces high yields of 
cellulose from closely spaced sycamore stock on short coppice rotations of 3 to 5 years, and 
is well adapted to mechanization. The potential of this system for producing more utilizable 
cellulose per acre is so great that almost every major pulpwood company in the United States 
is testing the system on its land. In the South and East, sycamore is the preferred species; on 
the West Coast and in Western Canada, red alder and black cottonwood (Smith, 1968; Smith 
and Blom, 1970; DeBell et al., 1971); and in the Northeast, "pucker-bush" (Young, 1971) is 
being used. Table 1 indicates the many other species that are being tested at varying loca-
tions. 
Annual utilizable yields per acre on the short coppice rotation appear to be much greater 
1 The investigation reported in this paper (No. 74-8-72) is in connection with a project of the 
Kentucky Agricultural Experiment Station and is published with approval of the Director. 
2 Assistant Professor, Department of Forestry, University of Kentucky, Lexington, Kentucky. 
3 Director, Belle W. Baruch Research Institute, Georgetown, South Carolina. 
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1 Data from a questionnaire survey by E. H. White, University of Kentucky, 1973. 
than by conventional forest practices on long rotations (Table 2). In a recent semipar at the 
University of Kentucky, Thurman Martz of the Meade Corporation stated that yields of 
mixed hardwoods from company lands in southern Ohio and eastern Kentucky were approxi-
mately 1 ton per acre per year on a 60-to-90-year rotation. The potential gains of short-
coppice rotations over conventional practices in this area would be large (7-to-10-fold 
increases). In fact, about 10,000 acres of bottomland would yield as much cellulose tonnage 
as 100,000 acres of upland. 
To obtain the suggested yields by the new system the trees must be successfully es-
tablished, harvested, and regenerated. Establishment, by necessity, includes planting and 
initial care involving cultural treatments since plantations cannot be considered successful 
until the seedlings survive and grow on their own. Generally, the minimum time required for 
establishment is one growing season after planting. 
SITE 
Satisfactory establishment and yields from intensive culture require careful site selection, 
which is probably the most important decision in establishment. Broadfoot et al., (1971) 
have defined the following four soil variables that regulate productivity on most hardwood 
planting sites: 
1. Physical condition of the soil 
2. Moisture availability during the growing season 
3. Aeration 
4. Nutrient availability 
The site and soil factors governing these variables are the following: past use, present 
cover, compaction, presence of hard pans, soil structure and texture, local topography, flood-
ing, presence of topsoil and organic matter, geologic source of soil, pH, and soil chemical 
composition (Broadfoot et al., 1971). 
We might illustrate the site selection problem with sycamore, one of the more intensively 
cultured species available at present. 
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Table 2. Yield in tons per acre by conventional forest practices and by short coppice rotation 
management. 1 
Species Rotation age M.A.I.2 
tons/acre 
Yield by conventional practices 
Douglas-fir 20 2.5 
40 5.0 
60 6.0 
Western hemlock 20 4.0 
40 8.0 
60 8.0 
Loblolly pine 30 5.0-6.0 
Slash pine 20 3.0-8.0 
Short rotation conventional practices 
Red alder 25 4.0-5.0 
Black cottonwood 14 8.7 
Eastern cottonwood 20 7.2 
Short-coppice rotation 
American sycamore 5 12.0-15.0 
Black cottonwood 2 13.3 
1 Adapt~d from DeBell, et al. (1971). 
Reference 
Smith (1968) 
Smith and Blom (1970) 
McAlpine, et al. (1966) 
DeBell, et al. (1971) 
2 Tons per acre under conventional practices were obtained by assuming that 30 cu ft 
greenwood = 1 ton of greenwood. 
A subjective approach to sycamore site evaluation has been proposed by Broadfoot 
(1969) and is outlined in Table 3. Sycamore develops best on reasonably well-drained, fertile, 
mildly acid-to-mildly alkaline soils. Sites with long-term flooding or saturation during the 
growing season should be avoided. Best yields will be on deep (no hardpans), medium-to-
coarse-textured soils of loose and porous structure having 6 inches or more of A-horizon with 
greater than 2% organic matter. Generally, these are alluvial or young, underdeveloped soils 
that remain moist with normal rainfall throughout the growing season. Poorest yields will be 
on compacted, structureless clays of cultivated or grazed old-field, possibly with hard pans, 
and having less than 6 inches of A-horizon with less than 1% organic matter, and exhibiting 
extremes in soil pH. Generally, these are upland or old, leached soils that are dry much of the 
growing season even with normal rainfall. 
If a soil survey map is available for land where planting is contemplated, soils series can 
be used to indicate probable yields within the above scheme. 
Based on inherent soil sycamore suitability and on the assumption of near-virgin or 
freshly cleared land, the major soil series found along the Ohio River in northwestern 
Kentucky may be grouped as shown in Table 4. Yield on eroded or compacted phases of the 
listed soils would be greatly reduced from that which can be expected on the near-virgin soil 
condition. If a survey does not exist, a soil survey should be made by a forest soil scientist in 
any area that appears suitable for planting. Soil should be sampled to a depth of 4 feet to 
provide adequate information for careful site selection. 
Table 3. Subjective approach to sycamore site evaluation. 1 
Factor 








Past use or history 
Morphology of surface 
4 feet of soil 
Past use or history: 
Source of parent material 
Physiography and position, 
depth to water table, 
past use, or history 
Past use and history, 
internal drainage 
Best site quality 




Deep soils (without pans) 
High in organic matter ( > 2%) 
6 inches or more A horizon 
Medium-to-high pH value 
(5.5 to 8.0) 
Alluvial soils 
Young, undeveloped soils 
With normal rainfall, soil 
is moist throughout 
entire growing season 
Brightly colored (black, 
brown, red) soils 
unmottled to 18 inches 




Cultivated or grazed 
old fields 
Soils with pans 
Low in organic matter ( <1 % ) 
Less than 6 inches A horizon 
Extremely alkaline 
(8.5 to 9.0) 
Extremely acid 
Upland soils 
Old, leached soils 
With normal rainfall, 
site is dry much of the 
growing season 
Gray soils 
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SITE PREPARATION 
Intensive site preparation is one of the essentials for successful establishment of a hard-
wood plantation. Many sites recommended for planting tend to be inherently fertile; thus, 
weeds as well as trees flourish. Generally, the more complete the site preparation the easier 
(and cheaper) is weed control during the first growing season after planting. 
On forest land, clearing involves harvesting all merchantable stems and timing completion 
of the harvest cut so that the site can be prepared during the summer and fall prior to planting. 
The most intensive site preparation in forestry is being done in the deep South in the culture 
of cottonwood. It involves shearing of remaining unmerchantable and cull trees, root raking 
and windrowing of debris for burning, fine raking, heavy disking to an 8-inch depth, and a 
final disking followed by site leveling (Carter and White, 1970; Dannenburg, 1970; McKnight, 
1970). 













































On abandoned fields or pastures in bottomlands, disking 4 to 8 inches deep should pre-
cede planting, with disking continued until all perennial competition has been thoroughly 
dried or turned under. Subsoiling may be required on old agricultural fields to break up 
established hardpans. 
Large quantities of Johnson grass on many fertile planting sites present a special site 
preparation problem. This grass (and others) must be controlled before planting, and one of 
the more effective treatments is summer fallowing followed by Treflan herbicide application 
during the fall before planting. The site should be plowed or disked to a depth of 4 to 8 inches 
to expose the grass rhizomes. Heavy disking or plowing initiated in early July should be re-
peated at 2- or 3-week intervals. The Treflan application will aid in eliminating seedlings of 
the grass that will emerge the following spring. Cultivation during the first growing season is 
essential to control summer annual weeds. 
PLANTING STOCK 
Seedlings or cuttings of good quality must be planted to assure successful establishment 
of hardwood plantings. Repeated measurements of seedling survival have shown gross size 
(as indicated by root-collar diameter) to be directly related to subsequent growth. A root-
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collar diameter of 0.3 inches is considered the minimum size for almost all species. Un-
doubtedly, 0.5 inches is better (Ike , 1962). This means that the number of seedlings per 
square foot of nursery bed is highly restricted. Seedbed density should be 9 to 12 seedlings 
per square foot for quality seedling production. 
Many of the species being tested in short rotation management can be successfully estab-
lished from cuttings. These include sycamore (Briscoe , 1969 ; McAlpine, 1963), green ash 
(Kennedy, 1972), and various species of Populus (McKnight, 1970; Heilman et al., 1972). 
As with seedlings, gross size of cuttings is a good indicator of subsequent development ; the 
minimum top diameter should be at least 0.3 inches, with 0.5 inches preferred. 
The 1 - 0 planting stock must be kept shaded, moist, cool, and protected from freezing 
until planted. Dormant seedling stock that cannot be planted during the normal planting 
season can be stored for several months at 35° F if kept moist. Then they can be planted 
successfully during summer periods when soil moisture is high . 
PLANTING PROCEDURES 
At present, planting techniques for silage systems are similar to establishing wider-spaced 
plantations. The objective in either case is to place the existing root system or cutting in 
direct contact with moist soil. 
Many experimental plots have been successfully established by hand planting. However, 
costs of han<l planting may be prohibitive at the closer spacings, i.e., 1 ' x 1 ', 11 x 3', 2' x 2 1• 
Therefore, it is essential to develop more efficient methods of planting. Machine planting is 
possible, preferable, and will be used particularly with species like sycamore that can tolerate 
drastic handling such as root and top pruning. Unrooted cuttings are easily machine planted. 
Seedlings should be planted at least to the original root-collar depth and most species 
can be planted without adverse effects. Unrooted cuttings generally require planting with 
only two inches left above ground . · 
Large seedlings should be top and root pruned before planting. Seedlings that are not 
top pruned should be planted so that they remain vertical. Care must be taken in keeping 
planted rows straight to allow ease in future cultivations. 
A relatively new technique-horizontal planting of unrooted dormant cuttings-shows 
promise as a planting procedure. This planting procedure, which is adaptable to machine 
planting, will reduce planting costs. At present, two species-sycamore and green ash-have 
been tested by this method (McAlpine et al. , 1972). Essentially the method involves making 
a shallow furrow several inches deep, laying unrooted cuttings horizontally in the furrow and 
covering the cuttings under several inches of soil. Although special problems need to be solved, 
the method shows promise, especially for species that root well from cuttings. 
SPACING 
What is the ideal spacing of short-coppice rotation plantings is usually the first question 
asked by interested landowners. Optimum spacing will vary with management objectives. 
Originally the concept was developed to utilize cutting cycles of 1 to 3 years in plantations 
established at spacings of l' x 11, 11 x 3', or 2' x 4 1 for complete site utilization. Although 
research is incomplete, present indications are that longer rotations (3 to 5 years) and wider 
spacings,4, x 4 1 or 51 x 5~ are more appropriate in producing economically suitable cellulose. 
Kormanik et al. (1973) indicated a high percentage of mortality for stumps at close spacings, 
l' x 4 1 and 21 x 4 1, and anticipated that low vigor stumps at these spacings would continue to 
decline or even die. The closely spaced plantings tend to thin themselves naturally to approxi-
mate 4 1 x 4' or 51 x 51 spacings within a few years. 
Recent work has shown that the small increases in yield from sycamore, established at 
very close spacings (11 x 4 1 and 21 x 41 ), is minor when compared to the present costs of such 
establishment (Table 5). Land costs must be considered when arriving at a realistic spacing 
since more land will be required to produce the same amount of yield at a 61 x 4 1 spacing as 
at a 1 1 x 4 1 spacing (Table 6). If sufficient land is available at reasonable costs then a 61 x 41 
spacing might be best, but if land is scarce, then a 1' x 41 spacing might be desirable. Even if 
land is available initially, costs will increase as an acquisition program progresses; hence, it 
might be feasible to start with a 6' x 4 1 spacing and convert to closer spacings when land costs 
alter economics. More time and more harvests are needed to determine adequately the effects 
of cutting cycles and spacings. 
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1 Costs used are similar for machine planting of southern pine combined with sycamore 
seedling cost from Kentucky State Tree Nursery. 
Table 6. Land requirement for producing 100, 50, 20, and 10 percent of daily mill consump-
tion (1,600 tons green weight per day). 
Cutting Percent Spacing in feet 
Cycle Mill 
(years) Capacity lx4 2x4 4x4 6x4 
Acres 
4 100 45,625 52,377 57,537 50,128 
4 50 22,812 26,188 28,768 25,064 
4 20 9,125 10,475 11,507 10,025 
4 10 4,562 5,238 5,754 5,013 
Seedling requirements to plant 1,000 acres of land at various spacings and the acreage 
of nursery site needed to produce the planting stock are listed in Table 7. Eighty-nine acres 
are required to produce 14,520,000 quality seedlings needed to plant 1,000 acres at a spacing 
1' x 31 • It is extremely doubtful that state nurseries could supply the quantity and quality of 
seedlings needed. Several alternatives are indicated: 
1. Contract with public or private nurseries to grow and supply the desired stock; 
2. Collect cuttings from young, natural stands; or 
3. Establish new nurseries. 
Table 7. Number of quality seedlings required to plant 1,000 acres of land at various spacings 
and nursery acreage needed. 
Spacing Number of seedlings Nursery acreage 1 
lx3 14,520,000 89 
lx4 10,890,000 67 
2x2 10,890,000 67 
2x3 7,260,000 46 
3x3 4,840,000 29 
4x4 2,722,000 17 
6x3 2,420,000 15 
6x4 1,815,000 12 
5x5 1,742,000 11 
1 Based on nine seedlings per square foot, a 1-1 rotation and 20% land area for buildings, roads, 
etc. 
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CULTURAL TREATMENTS 
Weed control 
Cultivation, to control competition at least through the first growing season, is an 
absolute requirement for successful establishment of hardwood plantations on most sites 
(Briscoe, 1969; Carter and White, 1970; Johnson, 1970; McKnight, 1970). Cultivation on 
well-prepared, level sites should begin as soon as weeds appear above ground. The greatest 
advantage of cultivating quickly is that the operator can distinguish between trees and weeds; 
additionally, weeds are less likely to overtop seedlings if a period of wet weather follows culti-
vation. 
Seedlings can be straddle-cultivated until damage by equipment may occur, then culti-
vation between rows is required. Two to five cultivations may be necessary during the first 
growing season. Mechanical cultivation may influence spacing since it is more convenient to 
cultivate wider-spaced plantings. 
Cultivation may be difficult or impossible on wet sites, and heavy equipment can cause 
severe and lasting damage through soil compaction. Thus, selective herbicides may be used in 
weed control. Several herbicides have been screened for use with certain hardwood species 
(Carter and Martin, 1966; Erdmann, 1967). Generally, these are pre-emergence herbicides 
designed to function on or near the soil surface. Pre-emergence herbicides must be applied on 
bare soil; apparent failure of these herbicides occurs because weeds were present at the time 
of treatment. When weeds are barely visible, a contact herbicide must be applied with the 
pre-emergence chemical. The most effective pre-emergence herbicides are simazine or amazine. 
Paraquat and amitrole are effective contact herbicides, which will injure or kill seedlings if 
applied to foliage or buds. Thus, they must be applied as a directed spray or over the rows, 
with shields installed to protect the seedlings. 
Fertilization (Tables 8, 9) 
Fertilizer is another item in the coppice system that may be essential for successful 
growth of the crop. Fertilization requirements for hardwood species utilized in a short-rotation 
system are not known and extensive research is needed to determine those requirements. 
However, many species are known to respond to applied fertilizers (Happuch, 1960; Blackmon 
and White, 1972). It is logical to assume that under the short-rotation system repeated 
harvesting of total above-ground biomass may lead to nutrient deficiencies. This has been 
demonstrated with nitrogen in the intensive culture of cottonwood in the Mississippi Delta 
and of sycamore in the Ohio River bottoms (Blackmon and White, 1972; White, 1973). 











Spacing in feet 
3x3 6x3 lx3 3x3 6x3 
Aboveground biomass-tons per acre 
9.4 3.7 8.3 3.1 1.0 
10.4 3.8 15.8 9.5 7.1 
12.5 5.2 7.8 7.9 3.5 
1
.Data from unpublished research E. H. White, Dept. of Forestry, University of Kentucky, 
1974. 
2 0 =check, no fertilizer ; N = 150 lb/a of N from ammonium nitrate; N-P = N as above plus 
100 lb/a of P from concentrated superphosphate. 
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N - p 
1 Mean based on 60 trees 
Diameter 
Growth (1970) 1 
in. 
A3 (-)4 
0.02 A (10) 
0.42 B (200) 




79.3 A (4) 
231.8 B (204) 
211.5 B (178) 
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2 0 =check, no fertilizer; P = 100 lb /A of P from concentrated superphosphate; N = 150 
lb/A of N from ammonium nitrate; N - P =combination of above. 
3 Means followed by same letter (vertically) are not significantly different at the 0.05 level. 
4 Numbers in parentheses indicate percentage increase over control. 
HARVESTING AND REGENERATION 
Protection 
Coppice regeneration and adaptability to mechanized harvesting are the most desirable 
features of the system. However, little information exists on these phases because of the 
newness of the system. Recent work with sycamore in Georgia indicates that spacing had 
a pronounced adverse effect on stump vigor. Stumps on 11 x 41 and 2' x 4' spacings had 
less vigor than stumps on wider spacings (Kormanik et al., 1973). 
Harvesting can be carried out throughout the year as weather permits, except for short 
periods immediately following leaf development in spring and late summer. If trees are har-
vested shortly after leaf-out, carbohydrate reserves are low and cut-stumps will not sprout 
satisfactorily. Additionally, if cut in late summer, sprouts will not harden off before cold 
weather and can suffer severe frost damage. 
Rapidly growing young hardwood plantations contain an unusually high volume of 
succulent tissue that is attractive to animals and insects. Bark is soft and provides little 
protection against wildfire. Various pathogens may give additional problems with some 
species. Protection from these destructive agencies is essential to insure that growth is not 
severely reduced or that the plantation is destroyed. 
Repeated annual cuttings of the same stumps for production of sycamore clonal material 
have indicated no negative effects on sprouting vigor or mortality over a period of 8 years. 
Studies in the Northwest and South have recently indicated that stump height and cutting 
angle have little effect on sprouting of stumps derived from cottonwood cuttings (DeBell and 
Alford, 1972). However, additional research is needed for all species suitable for coppice 
rotations and the i;elation of sprouting to stump height, stump age, angle of cut, and season 
of cutting. 
In a pilot study at Athens, Georgia, a light-weight, corn-silage harvester has been used 
successfully to harvest and chip 1-year-old cottonwood. For general operational use, larger 
machines will be needed. The only factor that seems to be holding back development of 
equipment is the current lack of need for it. 
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NUTRIENTS IN RELATION TO INTENSIVE CULTURE 
OF FOREST CROPS 
James R. Boyle 1 
ABSTRACT. Foresters concerned with intensive fiber production must maintain a deeper 
interest in the balance sheets for nutrients in tree-soil systems. Implications of intensive 
culture of forest crops include a number of considerations of soils in relation to fiber produc-
tion. We need better tests of potential nutrient supplies in soils to provide estimates of ele-
mental availabilities over longtime periods. Evaluation of quantities of nutrients removed by 
intensively cultured forest crops must be an explicit part of design and management of these 
systems. Essential concerns include how much of each nutrient element is required, and at 
what rate for each type of intensive culture system. Additional knowledge of natural ele-
mental cycles, including precipitation inputs, fixation of atmospheric nitrogen, and weathering 
rates of elemental sources is needed in order to refine estimates of nutrient availabilities. We 
should consider both fertilizers and urban wastes as sources of nutrient supplements to main-
tain or enhance supplies of essential elements. Soil fertility maintenance must be an important 
part of intensive forestry systems, both those agricultural in nature and those involving exploi-
tation of natural regeneration on the more traditional wildland forest sites. 
INTRODUCTION 
Two general types of wood-fiber production systems that are receiving increased at-
tention among North American foresters can be classified as "intensive forestry". The most 
intensive of these systems is "silage silviculture" (Herrick and Brown, 1967). This involves 
planting cuttings of rapidly growing species (e.g., sycamore, cottonwood, hybrid poplars) at 
close spacings in soils which receive fertilizers, herbicides, cultivation, and perhaps irrigation. 
These crops are intended to be harvested by some version of a silage chopper and regenerated 
by a coppice system, i.e., resprouting of the established root systems. The other extreme of 
intensive forestry to be considered here is "whole-tree" harvests of naturally occurring forests. 
In this sytem all above-ground portions of trees larger than 1 or 2 inches in stem diameter 
are removed from a site by cutting and chipping (Napier, 1972; Foulger and Harris, 1973; 
Boyle, Phillips, and Ek, 1973). Regeneration of these latter sites is expected from sprouting 
where aspen is a large proportion of the stand cut, or from natural reseeding or artificial re-
planting or reseeding. Both these forestry systems and a number of intermediate and related 
methods of wood-fiber production require increased attention to nutrient-supplying capacities 
of the soils on which these crops will be produced. 
Increased attention to nutrient supplies and soils is necessary because of the increased 
intensity of biomass removal and shortened time periods between harvests in these systems in 
comparison with traditional forestry practices. Normal forest-crop harvests involve removal 
of tree stems larger than 4 or more inches in diameter and at time intervals of 40 to 100 or 
more years. Since only the main portions of stems are removed in the normal tree harvest, 
large quantities of nutrient-rich biomass, i.e., tops, branches, twigs, and leaves are left on the 
site. These residues decay and provide maintenance of soil organic matter and recycling of 
1 Associate Professor of Forest Soils, School of Natural Resources, University of Michigan, 
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large proportions of nutrients taken up by the trees over their long growth periods. In 
contrast, the intensive forestry systems being considered here involve at least double the 
normal biomass removals (Herrick and Brown, 1967; Boyle et al., 1973) and leave relatively 
little residue for soil rejuvenation and elemental recycling. In addition, proposed crop rota-
tions on the order of 5, 10; or 20 years (more or less depending on the specific species-climate-
soil combination) imply much more frequent removals than in normal forestry, and therefore 
much shorter times during which natural processes of nutrient replenishment can occur. 
The following discussion is set in this context of abnormally rapid nutrient removals 
from tree-producing soils. This paper will consider quantities of essential nutrient elements 
taken up by intensively cultured forest crops, sources of nutrients available for natural and 
managed forest ecosystems, and supplemental nutrients that might be required. Nutrients in 
relation to intensive forestry will be viewed as a part of the total system of crop production, 
which includes inputs, transformations, and outputs of nutrients, water, and energy. 
TREE DEMANDS vs. SOIL SUPPLIES 
Even though the total quantity of most essential elements in a tree makes up only a small 
proportion of the total tree biomass (Table 1), their continued supply from inorganic and or-
ganic forms in soils is vital to tree growth and fiber production. Soils are the primary source 
or intermediate reservoir for all of these elements except carbon and oxygen. 
Table 1. Distribution of water, dry matter, and nutrients in a 1000-pound tree. 
Total Fresh Weight 1000 lbs 
Water 500 lbs 
Dry Matter 500 lbs 
Organic Compounds 4 75 lbs 
from atmosphere - C, 0, H, N, (S) 
from soil - (N), (S), P 
Inorganic Compounds 25 lbs 
from soil - P, K, Ca, Mg, Fe 
Mn, Cu, Zn, B, Mo, Cl, Co 
Nutrient removali; by a variety of crops are indicated in Table 2. It is apparent that 
intensively grown tree crops, either seedlings in a nursery (an extreme example) or cultured 
hybrid poplar, require quantities of nutrients comparable to those taken up by individual 
agricultural crops. Even dense stands of naturally reproduced aspen eventually take up quanti-
ties of elements comparable to those taken up by corn. A whole-tree harvest of nearly all 
above-ground portions of a 40-year-old natural forest can also cause nutrient removals that 
approach removals by a single agricultural crop. These comparisons are on a crop-to-crop 
basis, disregarding the different times involved in the growth of each crop, the soil types on 
which the crops were grown,and fertilizers which were supplied to some crops. Such simplistic 
comparisons have several inherent difficulties. Nutrient uptake by corn, for example, will be 
a function of initial soil fertility. Perhaps it should not be compared with aspen sprouts, which 
likely occur on soils less fertile than those used for corn; in addition, corn soils are routinely 
fertilized. These considerations strengthen the point being made here, however. If a naturally 
grown crop of aspen requires nearly as much nitrogen as a crop of corn and is likely to be 
grown on a less fertile soil, should not aspen growers be concerned about soil fertility and yield 
increases possible by use of fertilizers? An added complicating factor in comparing corn with 
trees is the time difference. Might we not expect significant inputs of nitrogen from precipita-
tion, fixation, and organic matter mineralization over the life of a 10-year, aspen-sprout crop? 
The answer is obviously yes, but we do not have good estimates of rates or total quantities of 
inputs to expect. When accurate estimates are available, refined comparisons with agricultural 
systems will be possible. 
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Table 2. Nutrient removals by crops. 
Crop N p K Ca 
pounds/acre 
"Average" crop in a midwest farm rotation1 100 18 80 35 
Corn, 150 bu/acre2 220 35 160 60 
Red pine seedlings, 3-03 220 40 90 60 
Hybrid poplar coppice4 250 30 155 185 
Natural aspen sprouts5 
2 years old 12 2 5 9 
6 years old 60 5 30 60 
10 years old 195 20 90 220 
"Whole-tree" harvest of 40-year-old 
aspen-hardwood stand6 170 25 115 380 
1 Buckman, H. 0., and N. C. Brady, 1969. 
2 Donahue, R. L., J. C. Shickluna, and L. S. Robertson. 1971. 
3 Nursery Soil Fertility Program Files, Department of Soil Science, University of Wisconsin, 
Madison. 
4 Frison, 1967. 
5 Person et al.,1971 ; Young and Carpenter, 1967. 
6 Boyle et al.,1973. 
Valid comparisons of forest with agricultural systems are further constrained because 
comparisons of "available" supplies of nutrient elements in soils in relation to demands of 
forest crops indicate that standard techniques for assessing nutrient availability need recon-
sideration. Data of Table 3 indicate "readily available" or "extractable" quantities of nitrogen 
(N), phosphorus (P), potassium (K), and calcium (Ca) in three contrasting types of soils, an 
intensively managed forest nursery soil, an agricultural soil that has received fertilizer, and a 
forest soil that has never been cultivated or fertilized. Demands by a one-year~old crop of 
intensively cultured poplar (Table 2) exceed quantities of "available" N and K in the forest 
soil. This indicates that if optimum growth rates of hybrid poplar (or native poplars) are to 
be approached, soil fertility must be considered, i.e., by use of agricultural soils and tech-
niques or by intensive management of the nutrient status of forest soils. 
Table 3. Soil supplies of "Available"1 nutrients. 
N p K Ca 
pounds/acre - 6 inches 
Forest tree nursery 100 85 200 600 
Casco silt loam, Wisconsin cropland2 90 120 280 2300 
Iron River sandy loam, Wisconsin forest soil 25 100 115 580 
1 Estimates of available elements are based on an assumed mineralization rate of 1% of total 
N per year, and on quantities of P, K, and Ca extractable with standard acid and ammonium 
acetate extractants. 
2 Milfred, C. J.,and F. D. Hole. 1970. 
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On the basis of standard,soil-fertility assessment as indicated in Table 3 and the nutrient 
requirements of tree crops indicated in Table 2, we conclude that several of the tree crops 
would require more of some elements than is available in the fores&-soil example. However, 
the whole tree-harvest crop did grow for 40 years on the Iron River soil and took up much 
more than the "available" nitrogen and "all" of the "available" potassium. This problem of 
estimated versus actual availability has been investigated by Leaf (1958) who has demonstrated 
that techniques other than those used for agricultural soil-crop systems must be applied in 
forest-soil evaluation to assess properly the elemental availabilities to trees. 
An outline of nutrient reserves in soils is appropriate here to set the stage for further 
consideration of the nutrient demands of intensively cultured forest crops in relation to 
nutrients available in soils. Nutrient elements in soils that are supplied largely from weathering 
of primary and secondary soil minerals inc;lude P, K, Ca, Mg, and the micronutrient elements. 
Standard techniques for assessing nutrient availability give some indication of readily available 
quantities of these elements in soils, but numerous investigations with both agricultural and 
forest crops have indicated that quantities of these elements in excess of "readily available" 
amounts are biologi~ally ava_ilable o_ver long periods of time (Fox and Kacar, 1965; Lewis and 
Eisenmenger, 1948 ; Voigt, 1965). 
Elements that are supplied in large proportions by decomposition and mineralization of 
organic material include nitrogen, phosphorus, and sulphur. In regard to these elements we 
have little precise information about rates of decomposition, decay, and release to forms 
available for tree uptake. These mineralization rates are hastened by cultivation of soi'ls, a 
fact which must be kept in mind when considering intensive culture. 
A broad view of soil nutrient supplies for forest crops must include the range of physical, 
chemical, and biological properties of soils that affect nutrient availability. Physical soil 
properties including texture, structure, and porosity may be significantly altered by use of 
heavy machinery in intensive culture practices. These physical soil properties must be main-
tained in a state that will provide adequate, long-term water and nutrient availability. Chemi-
cal characteristics of soils include pH, soluble salt concentrations, and oxidation-reduction 
potentials-all of which may influence elemental availabilities and balances. These are subject 
to influences of intensive culture practices such as fertilization, irrigation, and organic-matter 
additions. 
Among the more significant properties that may be influenced by intensiy~ culture are 
the biological characteristics of soils. Many forest trees depend upon riiycorrhizae for ade-
quate nutrition. Foresters must therefore consider whether practices associated with in-
tensive culture will disturb the soil biological regime and alter mycorrhiza associations. The 
possibility that soil alterations will enhance growth of pathogenic soil organisms must also be 
recognized, and pathologists must be involved in establishing and monitoring intensive forest 
crop systems. 
NUTRIENT BUDGETS FOR FOREST CROPS 
A brief consideration of the cycles and short- and long-term supplies of nutrients in forest 
ecosystems is useful in obtaining an understanding of nutrient element availability for trees. 
Major nutrient elements in a black spruce stand and in the soils beneath it are shown in Table 4 
(Weetman and Webber, 1972). This spruce forest had accumulated in the standing biomass 
quantities of nitrogen, phosphorus, and calcium in excess of exchangeable quantities of these 
elements in the root zones in the soils. However, quantities of all elements in the standing for-
est were a relatively small proportion of total quantities contained in the soils. These data re-
emphasize the fact that assessment of potential productivity of a forest site on the basis of ex-
changeable nutrients is inadequate to predict actual quantities of nutrients that trees can ac-
cumulate during many years of growth. . . 
A nutrient budget for an aspen-hardwood forest in northern Wisconsin provides a second 
example of elemental cycles (Table 5). This stand was harvested by the whole-tree chipping 
method, which removed most of the standing trees on 30 acres (Boyle et al., 1973). As for 
the data of the previous table, quantities of some elements removed from this site seemingly 
are equivalent to, or in excess of, quantities estimated to be available in the surface soils. In 
this budget we considered estimates of inputs to the site from precipitation and from the 
weathering or decomposition of organic and mineral components of the soil. These total 
inputs over the proposed 30-year rotation age for the next forest crop are compared with 
quantities of elements removed by whole-tree harvesting. The input to output ratios indicate 
that for N, P, and K inputs and transformations to available forms within the system will be 
more than adequate to supply the nutrient demands of the next forest crop, if it is comparable 
to the preceeding one. However, the data suggest that removals of Ca in the subsequent forest 
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Table 4. Nutrients in a 65-year old upland black spruce stand, Quebec (after Weetman & 
Webber, 1972). 
N p K Ca 
Full tree above-ground contents, lb /A 149 37 75 246 
Soil Contents (top 35 cm) 
Exchangeable, lb/ A 19 27 118 40 
Total, lb /A 1,345 607 15,311 2,064 
Full tree contents as % of: 
Soil exchangeable 1 784 137 64 615 
Soil total - 11 6 0.5 12 
1 Some values differ from those in original paper due to conversion to English units and 
rounding. 
Table 5. Gross nutrient budget for an aspen-hardwood, whole-tree harvest site (Boyle, 
Phillips, & Ek, 1973). 
Soil "Available" Reserves (top 6 inches) 
at time of harvest 
Inputs expected during next 30 years from: 
Precipitation 
Mineralization and weathering 
Net inputs 
Outputs in whole tree harvest at age 30 
Input/output index 
Outputs in three 10-year old 
aspen sprout crops1 
Input/output index 
































crop will exceed inputs; consequently, over a long period of time (several 30-year rotations) 
we may need a calcium fertilizer. 
Calculation of a budget like that of Table 5 requires many hypotheses and assumptions 
that are certainly open to question and must be tested further. For example, all estimated 
precipitation inputs will not be available immediately for uptake by tree-root systems. Esti-
mates for release of elements by weathering of organic and inorganic fractions of the soil are 
based upon insufficient research data and need to be strengthened. A significant reservation 
about this budget, but one which makes the estimates somewhat conservative, is that we have 
considered only the available nutrients in the top 6 inches of soil. We know that root systems 
of this forest penetrate to depths of 3 feet or more, and therefore explore volumes of soil that 
contain greater quantities of available nutrients. It may or may not be valid to assume that 
during the 30-year growth of an aspen-hardwood forest every cubic centimeter of soil is at one 
time or another explored by a tree root, and is therefore exploited for its available nutrients. 
Such assumptions should be tested for this and other tree-soil systems. 
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The probable consequences of harvesting three crops of aspen sprouts from this site on 
10-year rotations, in contrast to one, 30-year crop, are that nutrient removals would be signifi-
cantly greater and input-to-output ratios would become critical for all macronutrient elements 
except nitrogen. The ratio of nearly one for nitrogen suggests that the balance for this element 
might be fairly delicate also . The overall implication of this kind of evaluation is that short-
term; intensive utilization of naturally sprouting forest species on wildland sites will require 
fairly accurate assessment of nutrient-supplying potentials of the sites and may require fertili-
zer additions. This brief consideration of nutrient budgets for natural forest sites subjected to 
whole-tree harvest and shortened rotations suggests that we need to investigate these wildland 
sites just as carefully as we do "agricultural" sites being considered for wood-fiber production 
under even more intensive culture. 
NUTRIENT INPUTS 
Natural sources of nutrients for forest sites include elements deposited in precipitation. 
For northern Wisconsin, quantities up to 12 lbs/acre/year of nitrogen come down in rain and 
snow onto forest lands (Hoeft et al., 1972). This value will vary from region to region and 
location to location within our forested area, but its magnitude emphasizes that this source of 
nitrogen must be considered in nutrient budget evaluations. Also, we need more information 
about biological fixation of atmospheric nitrogen on forest sites. Though we have some in-
· formation (Richards, 1964; Moore, 1966; Jurgensen and Davey, 1971), this process must be 
further defined relative to maintenance of forest-site fertility. Other nutrients, including 
sulfur, calcium, magnesium, phosphorus, and potassium, may be deposited in significant quanti-
ties by rain, snow, and dry aerosols (Carlisle et al., 1967; Hoeft et al., 1972; Nihlgard, 1970; 
White et al., 1971). In considering detailed nutrient budgets for forest sites, inputs (as well 
as transformations and outputs) of all essential elements must be accounted for in recommend-
ing efficient management for optimum system productivity . 
Supplemental nutrient inputs from fertilizers are being intensively explored in the South-
east, the Pacific Northwest, and in selected areas in Northeastern and Lake-States forest lands, 
and will not be considered further here. An attractive possibility for supplemental nutrients 
for intensively cultured forest crops is the use of the "rediscovered" sources of nutrients from 
wastes processed as sewage in our cities. Numerous projects are currently directed to investi-
gating effects of both sewage sludges and effluents on soils, crops, and forests; it seems logical 
to include intensively cultured forests as components of these systems for nutrient recycling 
(Urie, 1974). 
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EVALUATION OF IRRIGATION AS AN INTENSIVE CULTURAL 
PRACTICE FOR FOREST CROPS 
Arnett C. Mace, Jr.1 and Hans M. Gregersen 2 
ABSTRACT. Several types of irrigations: .... terns are compared in their application to silvicul-
ture. Irrigation intervals and economics ot irrigation are presented, terminating with a list of 
recommended practices. 
INTRODUCTION 
General agreement indicates that the demand for wood and fiber products will increase 
because of an increasing population, greater per capita income, and consumption caused· part-
ly by energy and other environmental constraints placed upon substitute products. Coupled 
with this increase is a shrinking land base for growing wood because of shifts to other land 
uses and restrictions on forested areas as sources of timber in favor of other amenities. Conse-
quently, we must examine various intensive cultural systems, such as irrigation, which may 
have a potential for accelerating per unit-area production for a given site. 
Previous research has shown that yields of forest crops can be increased by reducing 
water stress during the growing season by some form of irrigation (Broadfoot, 1964; Einspahr 
et al., 1972; and Howe, 1968). One must note that these results were obtained for areas that 
experience growing-season water deficits and that the increase in yield is dependent on other 
growth-related factors such as energy, nutrient availability, and length of the growing season 
being nonlimiting. Also, the magnitude of increased growth under specific conditions is not 
known and various combinations of growing conditions need to be evaluated. For example, 
Einspahr, et al. (1972) found that increases in yield as a result of fertilization are enhanced 
by irrigation, particularly in water-deficit areas. In this regard, consideration of site require-
ments and potential environmental deterioration needs assessment to determine optimum 
combinations for growth acceleration. 
Not only has growth been enhanced by irrigation, but fiber length has been shown to 
increase and vessel-to-fiber ratio not significantly affected in some species (Einspahr et al., 
1972). Consequently, some anatomical changes that play a major role in pulp and paper or 
reconstituted products may be either enhanced, reduced, or unaffected. Availability of infor-
mation related to anatomical characteristic and growth acceleration is limited. 
IRRIGATION SYSTEMS 
The type of irrigation system may be as important a decision as that determining whether 
to irrigate in terms of efficiency of soil moisture replacement and economics. Factors needing 
consideration in determining use of a flooding or sprinkler irrigation system would include the 
following: terrain, soil water-holding capacity, size of potential product (i.e., fiber or sawlog), 
and costs of the system, which together determine its economic efficiency. 
1 Associate Professor and Head, Department of Forest Biology, University of Minnesota, 
Minneapolis, Minnesota. 
2 Professor, Department of Forest Resources Development, College of Forestry, University of 
Minnesota. 
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The flooding-irrigation system is normally restricted to level terrain and soils with a 
high water-holding capacity. This system is most adaptable to larger products such as poles 
or sawlogs and is the most economical due to fewer requirements for specialized equipment. 
Irrigation efficiency is decreased with the furrow type of flooding, compared to flooding the 
total area utilizing dykes with a uniform dispersal of water to the root system. While the 
total area flooding system theoretically provides a uniform distribution of water, distribution 
problems may develop in soils with high infiltration rates, such as sands and sloping terrain. 
Numerous sprinkler irrigation systems have been developed for agricultural practices 
and may be adaptable for irrigation of intensively managed forests. Table 1 provides a com-
parison of four common agricultural systems with respect to costs, labor requirements, pump 
Table 1. A comparison of sprinkler irrigation systems. 1 
Volume Center-pivot, 
Type of System Hand-move Gun Self-propelled Solid Set 
Cost per acre2 $55-65 $65-75 $110-125 $300-500 
Labor required 
man hours per acre 
per irrigation 3 1.0 0.8 0.1 0.2 
Pump operation 
percentage4 75% 65% 99% 99% 
Requirements Can be used Can be used Requires Can be used 
and on irregularly on irregularly square fields on irregularly 
limitations shaped fields shaped fields, with no ob- shaped fields; 
and rolling requires high structions; high investment 
terrain; in- operating maximum field cost limits use to 
convenient pressure; wind slope should be high value crops; 
for tall crops affects water considered; pipes may be in 
distribution, precipitation the way for some 
requires alley- rate is high field operations 




1 Taken from Machmeier, 1970. 
2 Cost includes only distribution equipment under average size and field shape conditions. 
Cost does not include water supply, pump, or power unit. 
3 Amount of labor also includes off-season requirements. Note that intensity of labor 
required will vary between types of systems. 
4 Proportion of total irrigation system operation time that pump is actually delivering water. 
operation percentage, and limitations. Other systems, which may be adaptable, include an 
above-crop continuous boom and a continuous drip system that has been used in the Pacific 
Northwest. The continuous-boom system affords a greater crop height with costs comparable 
to the center-pivot. The continuous-drip system is very economical, but has the distribution 
problem for large areas and possible high maintenance costs in cold climates such as the upper 
Midwest. 
Since most of these systems will provide approximately the same irrigation efficiency 
and can be regulated for varying application rate, the primary selection criterion will be 
economic profitability. Consideration of capital investment and operating costs coupled 
with expected value of the final crop at rotation age determine the most suitable system. 
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IRRIGATION INTERVAL 
The irrigation interval to max1m1ze growth will be regulated by soil water holdings 
capacity, water use rates-evapotranspiration, volume of water applied per irrigation, and 
desired soil-water content. 
Information pertaining to available water holding capacities for most soils can be ob-
tained from the Soil Conservation Service, Agricultural Experiment Stations or Extension 
Service in the form shown in Table 2. This information, coupled with a soil profile texture 
analysis, provides an accurate estimate of the available water-holding capacity of a given soil 
type. 
Table 2. Estimated maximum available water capacity for selected textures and organic 
matter levels 
(inches per inch) 
Texture Organic Matter 
High Medium Low Very Low 
1.5%> .5-1.5% .1-.5% <.1% 
Gravelly loamy sand) 
Medium sand .10 .08 .06 .03 
Coarse sand 
Fine sand .11 .09 .07 .04 
Loamy sand .12 .10 .08 .05 
Loamy fine sand .14 .12 .10 .06 
Organic Matter 
High Medium Low 
3.1%> 1.5-3.0% <1.5% 
Sandy loam .14 .13 .11 
Fine sandy loam .16 .15 .13 
Loam (28-33% silt) .19 .18 .15 
Loam and clay loam .21 .19 .17 
Loam ( 40-50% silt) .22 .21 .19 
Very fine sandy loam) 
Loamy very fine sand : .25 .24 .22 
Silt loam ) 
Silty clay loam 
Silty clay .19 .19 .19 
Clay .18 .18 .18 
Water use or evapotranspiration rates are more difficult to ascertain, although a number 
of techniques are available. Numerous empirical formulas that utilize temperature and day 
length are available for monthly, water-use determinations. The most commonly used formu-
Table 3. Irrigation and soil-water relationships. 
~ (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 0 00 
Thickness 
& texture Maximum Maximum Depth Maximum Net 
of horizon available application to be available Water water Peak Irrigation 
Description Represent- or layer water rate in/hr irrigated water depletion replaced water use interval 
of soils ative soils (inches) (in/in) Bare Cover (in) (in) (%) (in) (in/day) (days) ~ 
> 
Light-colored Santiago 0-6 sil .24 0.3 1.0 12 2.8 40 1.12 .26 4.3 ("'.) trl 
silt loams shallow Hill City 6-12 sil .22 24 4.6 40 1.84 .23 8.0 ~ 
to sandy loam 12-18 sil .19 30 5.2 40 2.08 .23 9.0 = Q. 
materials. 18-30 sil .11 C'.l 
MA WC ranges from 30-48 sil ~ 4. 7 to 5.3 to 30" C'.l depth. trl 
Dark-colored loamy 0-12 l cl .21 .5 1.0 12 2.5 40 1.00 .26 3.8 :::c Cll 
soils. MAWC ranges Barnes 12-18 l cl .19 24 4.7 40 1.88 .23 8.2 trl 
from 5.5 to 6.0 Clarion 18-30 l cl .17 30 5.7 40 2.28 .22 10.4 :? 
to 30' depth 30-48 l cl .17 § 
Light-colored silty 0-6 sil C'.l soils moderately Tell 6-12 sil .24 .3 1.0 12 2.8 40 1.12 .26 4.3 > deep to sand & Antigo 12-24 sicl .22 24 5.0 40 2.00 .23 8.7 ~ 
gravel. MAWC 24-301 .19 30 6.2 40 2.48 .22 11.3 0 
ranges from 5.5 30-48 s & g .19 z 
to 6.5 to 30' r > 
depth. Cll 
> 
Dark-colored silty 0-10 sil .25 .5 1.0 12 2.9 40 1.16 .25 4.6 z 
material shallow Ostrander 10-18 sil .22 24 5.3 40 2.12 .23 9.2 z 
to loams and clay Kranzburg 18-48 cl .17 30 6.3 40 2.52 .22 11.5 ~ 
loams.MAWC trl z 
ranges from 6.0 to Cll 
6.5 to 30" depth. < 
trl 
Light-colored silty 0-6 sil .24 .3 1.0 12 2.8 40 1.12 .26 4.3 ("'.) 
soils. MAWC ranges Fayette 6-12 sil .22 24 5.2 40 2.08 .23 9.0 ~ from 6.2 to 6. 7 Baudette 12-18 sil .22 30 6.4 40 2.56 .22 11.6 ~ 
to 30"depth. Seaton 18-30 sicl .19 ~ 
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las include Blaney-Criddle and Thornthwaite, which have been used to derive average-use 
rates per day for given areas as shown in Column 10, Table 3. 
From this information we can determine the irrigation interval once a decision is made 
on a water-depletion percentage (percent of maximum available soil water depleted before 
next irrigation). As an example, assume that we have a Barnes-Clarion soil 48-inches in depth. 
In Table 3 we find that we would need to irrigate every 8.2 days, if we desired to maintain 
60% maximum available soil water [ 100 percent-water depletion-( 40 percent)]. Data in 
Table 4 indicate that we need a well and delivery system that would supply 11.6 gallons per 
minute per acre if we irrigate for a 12-hr period. 
However, when one considers irrigation or other cultural practices the economic question 
becomes crucial. Undoubtedly, the demand for wood products will increase during the next 
decade as will the relative prices of forest products. Concurrently with this increase in demand 
for, and price of, wood will be a decrease in availability of water and an increase in its 
effective cost. This cost increase may mean that we will only be able to irrigate profitably 
when we are able to derive benefits other than wood growth, e.g., renovation of effluent from 
secondary sewage-treatment plants. The economics of irrigation will depend upon a number 
of considerations, as indicated in the following sections. 
Table 4. Irrigation system design capacity. 
(1 ) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Peak 
Irrig- water Net Gross 
a ti on use water cipp_li- Hours of Pumping per day 
interv11l (inches replaced cation -1 
(days) per day) (inches) (inches) 12 14 16 18 20 22 24 
(Gallons per minute per acre 
1 0.32 0.32 0.43 16.1 13.8 12.1 10.7 9.7 8.8 8.1 
2 .29 .58 .77 14.6 12.5 10.9 9.7 8.8 8.0 7.3 
3 .27 .81 1.08 13.6 11.6 10.2 9.1 8.2 7.4 6.8 
4 .26 1.04 1.39 13.1 11.2 9.8 8.7 7.9 7.1 6.5 
5 .25 1.25 1.67 12.6 10.8 9.4 8.4 7.6 6.9 6.3 
6 .24 1.44 1.92 12.1 10.3 9.1 8.1 7.2 6.6 6.0 
7 .24 1.68 2.24 12.1 10.3 9.1 8.1 7.2 6.6 6.0 
8 .23 1.84 2.45 11.6 9.9 8.7 7.7 6.9 6.3 5.8 
9 .23 2.07 2.76 11.6 9.9 8.7 7.7 6.9 6.3 5.8 
10 .22 2.20 2.93 11.1 9.5 8.3 7.4 6.6 6.0 5.5 
11 .22 2.42 3.23 11.1 9.5 8.3 7.4 6.6 6.0 5.5 
12 .22 2.64 3.52 11.1 9.5 8.3 7.4 6.6 6.0 5.5 
1 Based on 75% Application Efficiency. 
ECONOMICS OF IRRIGATION 
As mentioned earlier, the major reason for irrigation of forest plantations or natural 
stands is to increase productivity per unit area. Increased productivity is of interest from an 
economic point of view if the resulting cost of unit output is lower than costs from other 
production alternatives. One way to analyze relative costs is to look at costs per unit output 
for a given area of forest land with and without irrigation. We would use the types of data 
presented in Table 5 to make such a comparison. In the example the cost per cu ft with irrig-
ation is almost twice the cost without irrigation when we look at the alternatives in this limited 
form. 
Since we are somewhat uncertain about the actual yield that could be expected with 
irrigation, we might look also at the problem in another way by asking the following question: 
Given the various per-unit cost estimates in Table 5 and the yield estimate for the nonirrigated 
stand, what yield would we have to get from the irrigated plantation in order to obtain the 
same soil expectation value (SEV) for two options? We can approximate this yield, using the 
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following formula: 1 
r 
SEV [(l+i) -l]+C 
nl r =Yr 
pr 
where: 
SEV nl = SEV without irrigation, using i as the interest rate. 
i =relevant interest rate (alternative rate of return) 
r = rotation length with irrigation 
Cr= value at timer of the cost of one rotation (with irrigation) 
using i to compound costs (includes cost items in Table 1) 
P =stumpage price per cu ft at r · 
Yr = yield in cu ft for irrigated stand at rotation r 
Using the data in Table 5, a discount rate (i) of 5%, and an initial price of $.10 per cu ft, 
increasing at 2.5% per year, we arrive at 11,519 cu ft as the yield (Yr) from an acre of irri-
gated plant!ltions, which would be required to obtain the same SEV as for the nonirrigated 
option. 
The required Yr is about twice what we estimated (the 6,000 cu ft suggested in Table 5). 
Therefore, from this partial analysis we would also conclude that, for this case, it would not 
pay to irrigate. 
Table 5. Comparison of per acre costs; irrigated and nonirrigated plantation (hypothetical 
data) 
Without With 
Item irrigation irrigation 
1. Rotation (r) Years 20 15 
2. Yield at rotation (yr) cu ft/ac 3000 6000 
3. Yield per year cu ft/ac 150 400 
4. Establishment cost $/acre 100 100 
5. Annual equivalent ($100 every r years@ 5%) 8.03 9.63 
6. Annual direct management cost $/acre 5.00 5.00 
7. Annual irrigation cost 30.00 
8. Irrigation system investment (every 30 years) 350.00 
9. Annual equivalent of initial irrigation 
investment@ 5% (replacement every 
30 years) 22.77 
10. Total annual cost per acre 1 13.03 67.40 
11. Annual wood production cost per cu ft 2 0.087 0.168 
Note: We have not assumed intermediate thinnings in order to keep the problem as simple 
as possible. They could be introduced with slight changes in the model. 
1 Sum of rows 5, 6, 7, and 9. 
2 Row 10 divided by row 3. 
However, this type of partial analysis obscures some significant cost savings from irri-
gation that are important to a wood-processing firm interested in providing its wood require-
ments on a sustained yield basis at the lowest cost per unit. For example, assuming a pulp 
1 Derived from the standard SEV formula (see above for explanation of terms): 
SEV=(Ylr-Cr) ~] 
"{1 +i)•-1 
and then solving for Yr, using the value of SEV n,I for the value of SEV1 (soil expectation 
value for irrigated option). The resulting Yr is an approximation since we only considered 
stumpage price increases for the first rotation. 
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mill that wants to supply from its own land 2. 7 million cu ft of wood per year for its opera-
tion, we would find the types of costs illustrated in Tables 6 and 7 to be relevant. Using the 
same per unit wood production cost estimates as in Table 5, but adding land and other relevant 
costs, we find that the total cost per cu ft delivered to the mill is about the same without irri-
gation as with irrigation (i.e., $0.29 vs $0.28). We now would favor slightly the irrigation op-
tion. This is obviously merely an illustration-one could arrive at different conclusions, using 
different assumptions with regard to costs, prices, yields, relevant interest rates, etc. However, 
the important point is the following: When considering irrigation vs nonirrigation (or, for that 
matter, fertilization or fertilization and irrigation vs extensive plantation management), 
certain cost elements other than direct management costs (including irrigation costs) need to 
be considered. 
Table 6. Land cost per cubic foot of wood production: irrigated vs nonirrigated options. 
1. Yield per acre at rotation 1 
(cu ft) 2000 
2. Acres cut per year2 
3. Total acres needed3 
4. Land cost/acre 
5. Total land cost 
6. Land cost per year@ 5%4 
7. Land cost per cu ft 
1 Based on data in Table 5, row 2. 
2 To supply 2. 7 million cu ft. 











1.8 mill. 675,000 
90,000 33,750 
0.03 0.01 
4 Assumed opportunity cost of capital invested in land of some 5% per year. The low interest 
rate allows for some land value appreciation. 
Source: hypothetical data. 
First, with present levels of land costs found in many parts of the country, the oppor-
tunity cost of capital invested in land, even at a fairly low interest rate (5%), can be signifi-
cantly lower per unit output with intensive management (higher yields per unit area and time) 
if looked at on a sustained yield basis. Second, protection costs and harvest costs per unit 
output may be lower due to higher volumes per acre, larger diameter material, or both. 
Third, average transport cost per unit of wood delivered to the mill may be lower because of 
shorter average hauling distances. Fourth, the larger land area required under nonintensive 
management options for a given delivered volume of wood) may have an adverse influence on 
land prices . (i.e., force them up) in the relevant supply area surrounding the mill (if the re-
quired land is even available). Finally, property taxes and other costs per unit output may be 
lower with intensive management, depending on the nature of the tax assessment process, the 
form of the tax, and management overhead costs. 
While the above items can provide substantial cost savings to the producer, potential 
differences have to be considered on the negative side. First is the question of water availa-
bility .1 Second is the question of pulp yields from a given volume of wood, i.e., a greater 
volume of wood may be required to produce a ton of pulp or to produce a given unit market 
value of certain paper products sold on the basis of strength. Finally, there is the complex 
question of land appreciation and the true opportunity cost of holding land. All these factors 
need to be considered in making a decision regarding irrigation. 
1 One suggestion is that waste water from the pulp mill may be used on nearby plantations to 
reduce pulp-mill-water-treatment costs (see Smith et al., 1972). However, the question still 
remains as to whether enough water is available in a given region for the low-priority use of 
plantation irrigation. 
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Table 7. Comparison of delivered wood costs. 
(Integrated operation utilizing 2.7 million cu ft of wood from its own plantation) 
1. Wood production costs1 
2. Land cost2 
3. Harvest cost 
4. Average transport cost 
5. Other costs (incl. prop. taxes) 
6. Total delivered cost per cu ft 3 
1 From Table 5, row 11. 
2 See Table 6, row 7. 
3 Adding rows 1 through 5. 




($/cu ft) 0.09 
($/cu ft) 0.03 
($/cu ft) 0.09 
($/cu ft) 0.06 










Our interest in the present discussion is in presenting biological and physical irrigation 
requirements and development of a model for analyzing the economic desirability of irrigating 
forest plantations. Some of the data used in the above examples are hypothetical or at least 
uncertain. Whether or not irrigation will result in lower overall delivered wood costs will de-
pend on the specific empirical conditions of a particular situation. There is a real void in the 
availability of physical, biological, and economic data to make empirical cost comparisons 
needed by decision makers. Consequently, the main recommendation following from this 
discussion is that more effort should be devoted to quantifying the relevant variables so that 
appropriate guidelines can be developed. Specifically, information should be generated on 
the following: 
A. Optimum combination of either growth determinants or species or both for specific 
site conditions. 
B. Growth potentials at different rotation ages by intensively managed species. 
C. Changes in anatomical characteristics by species and cultural practices at different 
rotation ages. 
D. Relevant cost differences between options including all cost items from land pur-
chase and plantation establishment all the way to costs of delivering at processing 
plants. 
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NUTRIENT AND WATER CONTROL IN INTENSIVE 
SILVICULTURE ON SEWAGE RENOVATION AREAS 
Dean H. Urie ,_ 
ABSTRACT. Sewage effluents and sludges from municipal and industrial sourc;es provide 
potential water and nutrient sources for intensive culture of forest crops. Pulp and paper 
mills may soon be required to use land renovation to meet effluent discharge standards. In-
tensive-culture forestry offers the only wildland management alternative that gives adequate 
nutrient uptake to provide long-term renovation of wastewater. Nitrogen enrichmentof 
groundwater may be the controlling factor in such practices. 
Intensive silviculture methods discussed so far have relied on commercial fertilizers as 
the source of additional nutrients, and on wells and rivers as sources of water. An alternative 
source for these supplements should be considered. As we in the United States proceed to-
ward implementation of "zero discharge" requirement on wastewater discharged to water-
ways, land irrigation as a means of recycling nutrients is receiving more attention. Additional 
interest in recycling wastewaters and sludges has resulted from the short supplies and price 
increases in nitrogen fertilizers. The opportunity for combining waste-disposal needs with 
wood-fiber production is obviously of special interest to the pulp and paper industry. 
The history of agricultural usage of sewage from municipalities and industries in the 
United States and elsewhere in the world is considerable. Two recent summaries illustrate 
the feasibility of this method of waste treatment (Pound and Crites, 1973; Sullivan et al., 
1973). Little information exists on the growth of forest crops under sewage supplements, 
aside from some tests with vegetable cannery effluents in Michigan (Rudolph and Dils, 1955), 
the continuing studies with municipal effluent at Pennsylvania State University (Sopper, 
1973), and slash pine tests in Louisiana (Jorgensen, 1965). 
Two products of sewage treatment, likely to become important in silviculture, are the 
nutrient-rich water resulting from wastewater treatment collectively called sewage effluent 
and the solids residual from a variety of sewage treatment processes that, in various states of 
dewatering, are called sewage sludge. An estimated 100 gallons of sewage are generated per 
capita per day nationwide. If half of the nation's population lives in sewered districts and if 
half of the volume of treated forms of sewage were directed to land disposal, approximately 
5 billion gallons per day of sewage could be available. About a ton of dry-sludge solids results 
from treatment of a million gallons of sewage. Applied at average rates cited in the literature, 
the sewage effluent could irrigate 1.4 million acres at a 2-inch per week rate over a 26-week 
growing season, and the sludge from treatment of this sewage would annually treat about 0.4 
million acres at 5 tons (dry wt.) per acre. 
Although supplemental moisture and organic matter are important, the nutrient value of 
sewage effluent and sludge is the key to their usefulness in silviculture (Table 1). 
The primary purpose of recycling sewage waste to land is to protect water quality. 
Nutrients in sewage are used by plants and adsorbed by soil colloids, which, with soil micro-
organisms, also adsorb and detoxify potentially toxic elements. The capability of traditional 
forest crops to utilize and remove added nutrients appears to be limited. Sapper (1973) has 
compared the renovation efficiency of · corn silage and hardwood forests (Table 2). Corn 
required addition of supplemental nitrogen, phosphorus, and potassium, whereas hardwoods 
used less than 40% of applied nitrogen. 
1 Principal hydrologist, North Central Forest Experiment Station, Folwell Avenue, St. Paul, 
Minnesota 55101. 
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Table 1. Nutrient elements in municipal wastewater (secondary treatment) and sludge 
(Pound and Crites, 1973 ; Jorgensen, 1965). 
Sludge Wastewater 
















1 Milligrams per liter x 0.2266 =lbs nutrient element per acre-inch of wastewater. 
Table 2. Renovation efficiency of corn and hardwood forests (In percent). 
Corn Hardwoods 
Nitrogen 145 39 
Phosphorus 143 19 
Potassium 130 22 
Calcium 15 9 
Magnesium 27 4 
Little is known about the potential for nutrient renovation under intensive silviculture. 
Italian black-poplar data, reported earlier in this meeting, indicate that short rotations can 
provide nutrient uptake comparable to that for corn (Frison, 1967). Some pulp and paper 
wastewater with high fiber content has carbon-nitrogen ratios sufficiently high to cause 
nitrogen deficiency problems (Philip, 1971) rather than the threat of nitrate pollution of 
groundwater. 
The use of sewage sludge in forestry seems to depend on competing demands from 
agriculture for this potential nutrient source. Public health restrictions on food production 
with sewage fertilization and other environmental concerns may sufficiently limit farm use so 
that forest production is a desired alternative. The presence of certain metals in digested sew-
age sludge and the threat of pathogenic organisms tend to inhibit the use of effluent and sludge 
in farm production (Table 3). 
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Lead and mercury are known environmental hazards. Arsenic is also of particular con-
cern because it is cumulative in animals and humans. Boron can benefit plant growth or can 
be toxic at slightly higher levels. In agriculture, use of sludge can be limited by the concen-
tration of cadmium and by the mobility of this metal in the soil-plant system. Metal limits in 
















A less restrictive limit may be assumed for fiber production. The capability of forest soil 
to immobilize metals is often limited by the low pH and low colloid contents. The hazards of 
food-chain buildup are lessened because food-chain buildup is not likely. Other environmental 
hazards must be monitored, especially the quality of surface water and groundwater. Metals 
are largely of industrial origin. Improved technology to eliminate these sources will mean 
greater freedom for use of sewage as a fertilizer. 
Figure 1 shows a theoretical forest production operation using effluent and sludge with 
both essential and desirable monitoring needs. A necessary prerequisite is measurement of 
the treatments. In order to compute nutrient additions, both the volume and concentrations 
of effluents and sludges must be characterized. Minimum information would include: 
1. Depth, volume, or weight applied per acre. 
2. Concentrations of N, P, K, Ca, Mg in terms related to the measurements of volume. 
3. Concentrations on potential hazardous substances, especially cadmium, mercury, 
lead, and arsenic (particularly where sludge is used). 
4. Regular measurements of water quality in streams and groundwater that receive 
effluent from the treated area. Measurements should at least include the potentially 
toxic elements in 3 above (if indicated in the inputs), nitrate, and fecal coliforms. 
Besides the need for protection of the environment outside the treatment zone, degrada-
tion of the site and toxicity effects on trees and other vegetation should be guarded against. 
Buildup of metals in soil is a long-term process that should be evaluated periodically. Control 
of pH is fundamental to fixing metal in the soil. Sewage effluents, which are usually slightly 
basic, may keep soil pH in the 6.5-7.0 range. Sludge treatments may require liming during 
the rotation to maintain normally acid soils in this pH range. 
Aerial sprinkling of effluents creates an aerosol threat that can be minimized by spraying 
beneath crowns. Overland flow and flooding-irrigation methods do not produce droplets of 
effluent. These methods reduce the precautions (such as border strips and windbreaks) that 
are needed against the aerosol hazard but may pose greater threats to water quality. Regard-
less of irrigation method, the rate of water application must be related to soil-intake rate, 
slope, and other variables. Irrigation guides for these factors are generally available for 
croplands through the Soil Conservation Service and Cooperative Extension Service. 
Nitrate pollution of groundwater occurs when the ability of plants and microorganisms 
to utilize the nitrogen in the sewage is exceeded. Balancing plant assimilation to the nitrogen 
supply is true waste'recycling. Denitrifing soil bacteria can be managed by regulating irrigation 
frequency and dosage rates. Periodic wetting temporarily reduces soil aeration and stimulates 
denitrification, thus reducing the movement of nitrate to groundwater. 
Control of water-table level may be necessary through tiling, ditching, and scheduling 
of irrigation to match drainage. An aerated soil zone of 4-5 feet in thickness is recommended 
for BOD reduction, phosphorus fixation, and immobilization of bacteria and viruses. 
The details for fitting a sewage recycling operation to tree production remain to be 
worked out. Every trial use provides a new opportunity for research. The Pennsylvania State 
University studies provide our only long-term experience with effluent irrigation. The North 
Central Forest Experiment Station has two years' results from effluent irrigation of both 
pine plantations and several species of seedlings. Of most direct interest here, initial height 
growth of hybrid poplars and cottonwoods has been greatly accelerated by sewage irrigation. 
Future tests with more populus hybrids and Christmas trees are being installed this year. 
Sludge trials are still in the planning phase. Preplanting applications will be tried first, 
using soil incorporation. 
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In summary, future use of land for renovation of sewage wastes seems assured by im-
minent regulations of effluent quality. Forest production seems to provide a way to convert 
waste nutrients to plant tissue, free of the restrictions placed on use of these wastes in food 
production. Trees can reduce wind movement and reduce aerosol threats associated with 
sprinkler irrigation. Careful site selection and gauging use of sewage wastes to match crop 
removal of nutrients are essential to environmental protection. Continuous monitoring is 
needed. However, a portion of the monitoring costs may be chargeable to the sewage district. 
REFERENCES 
Frison, G. 1967. Asportazioni minerali nel barbatellaio di pioppo. Cellulose e carta.18(12), 
Dec. 1967, pp. 10-24. (In Italian with English summary). 
Jorgensen, J. R. 1965. Irrigation of slash pin,e with papermill effluents. Division of Engi-
neering. Research Bulletin No. 8, Louisiana State University, Baton Rouge, Louisiana. 
Philip, A. H. 1971. Disposal of insulation board mill effluent by land irrigation. Jour. 
WPCF 43(8) : 1749-54. 
Pound, C. E., and R. W. Crites. 1973. Wastewater treatment and reuse by land application. 
2 vols., U.S. Environmental Protection Agency, 660/2-73-006a, Washington, D. C. 
Rudolph, V. J., and R. E. Dils. 1955. Irrigating trees with cannery waste water. Michigan 
Experiment Station Bulletin 37 : 407411. 
Sapper, William E. 1973. Crop selection and management alternatives-Perennials. Pp. 143-
153, in Recycling Municipal Sludges and Effluents on Land. EPA-USDA-NASULGC, 
244 p. 
Sullivan, R. H., et al. 1973. Survey of facilities using land application of wastewater. U.S. 
Environmental Protection Agency, 430/9-73-006, Washington, D. C. 

IOWA STATE JOURNAL OF RESEARCH I FEBRUARY, 1975 
Vol. 49, No. 3, Pt . 2 319-324 
WEED CONTROL FOR THE INTENSIVE CULTURE OF 
SHORT ROTATION FOREST CROPS 
Randall 8. Heiligmann 1 
ABSTRACT. Mechanical and chemical control of weeds and use of crop competition are 
discussed. Comparisons of weed-control systems are presented, culminating in a brief con-
sideration of weed-control costs and research needs. 
INTRODUCTION 
The successful establishment of short-rotation forest crops and the attainment of maxi-
mum fiber production will require effective weed control to reduce or eliminate competition 
for sunlight, soil moisture, and nutrients. The potential impact of weed competition on tree 
survival and growth has been well documented in forestry and agronomic literature and will 
not be reviewed here. Two examples, however, illustrate the potential magnitude of this im-
pact. McAlpine, Hook, and Kormanik (1972) reported that weed control resulted in a twofold 
increase in survival of sycamore cuttings, and Von Althen (1970) reported that weed control 
resulted in a 629% increase in the growth of white ash and an 843% increase in the growth of 
silver maple. 
METHODS OF WEED CONTROL 
Three methods of weed control are most useful in short rotation management-mechani-
cal control, chemical control, and the use of crop competition. 
Mechanical Control. Mechanical control, requiring either the cutting off or burying of weeds 
or both, can be accomplished during the first year of each rotation by use of traditional agri-
cultural equipment, such as plows, disks, harrows, cultivators, or rotary hoes; but will be most 
successful if this equipment is modified to avoid damage to the trees. If cultivation is required 
much beyond the first year, the close spacing and rapid growth of short rotation species will 
require the use of modified or specially designed equipment. For example, the optimum 
spacing of short-rotation sycamore and poplar seems to lie between 2 ft x 2 ft and 6 ft x 6 ft. 
Beginning at the second season the trees are 3 to 5 ft tall. Conventional agricultural equip-
ment will neither fit between nor straddle the rows without damaging the trees. Either new 
equipment needs to be developed or existing equipment modified to cultivate these older 
plantations. Such equipment could be pulled behind a high-clearance tractor with about a 
5-ft clearance (Dave Dawson, 2 personal communication). 
In short-rotation management, mechanical control will be extremely important in the 
initial site preparation and in subsequent weed control. 
Chemical Control. Chemical weed control involves the application of herbicides in such a 
manner that they reduce or eliminate competing vegetation with a minimal amount of damage 
to the crop plants. Presently over 200 basic chemicals are recognized as herbicides, plus many 
1 Assistant Professor, Department of Forestry, Iowa State University, Ames, Iowa 50010. 
2 Project Leader, North Central Forest Experiment Station, Institute of Forest Genetics, 
U.S.D.A. Forest Service, Rhinelander, Wisconsin 54501. 
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combinations of these basic chemicals (Ashton and Crafts, 1973). These herbicides vary in 
selectivity (i.e.,_their toxicity to different weed and crop species), mode of application (foliar 
sprays versus sojl applications), and length of time they remain active in the environment. In 
addition, once an herbicide has been selected, the proper time , rate, and number of applica-
tion, and whether or not to use a surfactant, must be determined. 
Chemical weed control will be important in the initial site preparation and will play a 
vital role in subsequent weed control on sites where weed control is difficult or where tree 
spacing is wide. However, only a small number of herbicides are presently labeled such that 
they might legally be used in a large-scale, commercial, short-rotation plantation. Considera-
ble research is needed to investigate all potentially useful herbicide compounds for short-
rotation management and to obtain labeling for the more effective ones. One group of com-
pounds (the substitute ureas, such as linuron and diuron) shows considerable potential for 
use with shallow-rooted forest crops. All herbicide users should know that the "Federal 
Environmental Pesticide Control Act of 1972" prescribes severe penalties for persons using 
herbicides contrary to label specifications. 
Crop Competition. Weed control by crop competition involves taking advantage of the micro-
environment developed beneath tree canopies to~;uppress or eliminate weed coll1peti_tion. Many 
weed species cannot survive or do poorly in such shaded microenvironments. This method of 
control necessitates a fairly close spacing of trees so that a dense canopy develops quickly over 
the entire area. 
In short-rotation management, the effectiveness of weed control by crop competition 
will vary with the tree species, site, and tree spacing. On sites with rapidly growing trees at 
close spacing, crop competition will effectively reduce weed competition throughout most of 
each rotation. With slower-growing tr~es or with wider spacing, weeds will be suppressedby 
competition only during the latter part of each rotation. 
DEVELOPING A WEED-CONTROL SYSTEM 
Development of a specific weed-control prescription for a particular planting site depends 
on three major factors-site characteristics, crop system, and weed species to be controlled 
(Figure 1). These factors will affect the feasibility and relative effectiveness of any single 
weed-control or combination of weed-control treatments. A few examples are cited as 
follows: 
Site Characteristics 
Topography and soil moisture content will dictate when spring cultivation can 
begin. In low wet areas, early spring weed control prior to tree-crown closure may 
have to be achieved by fall herbicide application. On drier areas spring cultivation 
may be used. 
Soil texture and organic-matter content may markedly affect the rate and 
number of applications of a particular soil-applied herbicide (such as simazine or 
dichlobenil) to achieve satisfactory weed control. 
Crop System 
Cultural practices (such as irrigation and fertilization) will undoubtedly im-
prove conditions for weed growth and will intensify weed competition. 
Closely spaced trees will decrease the time to crown closure, thereby facilitating 
early weed control by crop competition, but closely spaced trees may interfere with 
certain types of cultivating equipment. 
Weed Species to Control 
Some weed species (such as Johnson grass) reproduce by underground stems 
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Herbicide effectiveness varies with different weed species. For example, 2,4-D 
is much more effective on broadleaf weeds than on grasses, whereas dalapon is more 
effective on the grasses. 
With so many factors to consider, prescriptions for weed control are going to be quite 
site specific with respect to type, rate, and timing of herbicide application, also with respect 
to type, number, and timing of cultivations. However, the following two generalized weed-
control prescriptions illustrate extremes between which most prescriptions should fall: 
Prescription I - Weed Control Relatively Easy 
First Rotation 
1. Herbicide application and cultivation in the fall prior to spring planting. 
2. Spring cultivation and herbicide application at planting. 
Subsequent Rotations 
1. One or two cultivations during the first year after harvest. 
Prescription II - Weed Control Relatively Difficult 
First Rotation 
1. Herbicide application and cultivation in the fall prior to spring planting. 
2. Spring cultivation and herbicide application at planting. 
3. Either herbicide application, or cultivation,or both in the second spring. 
Subsequent Rotations 
1. Herbicide application following harvest. 
2. Either herbicide application,or cultivation, or both in the second spring. 
In evaluating the effectiveness of weed control systems, tree survival and growth, not the 
amount of weed cover, are the critical parameters. In fact, from an aesthetic standpoint, a 
certain amount of weed cover may be desirable, provided it does not significantly reduce tree 
survival and growth. 
COST OF WEED CONTROL 
The cost of weed control in short-rotation management will depend on the specific pre-
scription. Costs of prescriptions I and II above, however, will provide a range within which 
most costs should fall (Table 1). Quite obviously, site characteristics are going to affect 
directly the cost of weed control. On some sites the economic feasibility or attractiveness of 
short-rotation management may be considerably affected by high weed-control costs. 
RESEARCH NEEDS 
Much remains to be learned about weed control in short-rotation forest crops. High pri-
ority needs include the following: 
1. An evaluation of potentially useful herbicides and an effort made to obtain 
labeling on the more useful ones. 
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2. The development of useful pre-emergent herbicides with a 2-year residual. 
3. The development of cultivation equipment modified or designed specifically 
for short-rotation forest crops. 
4. A quantitative evaluation of the effects of different weed species and densi-
ties of weed cover on survival and growth of trees. 
As we move from research plots to commercial plantings, the need for this information 
will become urgent. 
Table 1. Estimated costs of weed-control prescriptions I and II. 
PRESCRIPTION I - WEED CONTROL RELATIVELY EASY 
First Fall: 
First Spring: 
First Year : 
Cultivate (plow) 
Cultivate (disk) 
Herbicide application (Simazine 
at 2 lbs active ingredients/acre at $2.25/pound) 
Subsequent Rotations 
Two cultivations (disk) 
Cost at end of 4-year 
rotation 1 
$ 6.50 per acre 
2.91 
8.70 
$18.11 per acre 
$ 5.82 per acre 
PRESCRIPTION II - WEED CONTROL RELATIVELY DIFFICULT ' 




Herbicide application (Treflan at 1 lb active 
ingredient per acre at $7.50 per pound) 
Cultivate (plow) 
Cultivate (disk) 
Herbicide application (Simazine at 4 lbs 
active ingredients per acre) 
Herbicide application (Simazine at 4 lbs 
active ingredients per acre) 
Subsequent Rotations 
First Spring: Herbicide application (Simazine at 4 lbs 
active ingredients per acre) 
Second Spring 
or Winter : Herbicide application (Simazine at 4 lbs 
active ingredients per acre) 









1 Machinery operating costs are based on the following reference: Hull, Dale 0., A. D. Hull, 
and M. G. Caldwell. 1969. 1969 Farm Machinery Operating Costs. Iowa Farm Science 23: 
17-21. 1969 operating costs inflated 5% per year for 5-year period to 1974. Labor charged 
_f!t $3 per hour. Seven percent alternative rate of return during 4-year rotation. 
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INTENSIVE CULTURE OF SOUTHERN PINES: 
MAXIMUM YIELDS ON SHORT ROTATIONS 1 
Robert P. Schultz 2 
ABSTRACT. For maximum pine-volume growth on most sites in the South, at least 750 
healthy southern-pine seedlings should be planted where competing vegetation has been 
destroyed but where topsoil and organic matter have not been removed from the immediate 
rooting zone. By use of 1-0 planting stock and present planting techniques, early mortality 
will average 30%. Interplanting, even 1 year after initial planting, will not improve yields un-
less the replanted patches exceed 1/10 of an acre. Fertilization (combined with intensive 
cultivation, water control, and genetic improvement) can greatly increase the productive 
potential of southern pines. A minimal basal area of 100 ft 2 should be maintained in pole-
sized stands to insure maximum growth. Thinnings before the age of 25 cannot be expected 
to improve yields, but may be advantageous if large-product sizes are required. 
INTRODUCTION 
From the time a landowner begins to think about growing trees he is beset by literally 
dozens of decisions, such as: What product(s) should be grown? Can a profit be made by 
growing trees under intensive culture? What species should be planted? What kind of site 
preparation should be used? How far apart should the trees be planted? Should they be 
fertilized-if so , when, how, and with what? What about weed control? Will thinning in-
crease yield or profit? A landmanager needs to have his objectives firmly in mind before he 
can begin to answer these questions. 
This paper discusses some important biological options facing a landowner, and pre-
sents information on growth increases that can be expected from intensive culture of southern 
pines. The main objective of this paper is to show how to grow maximum cubic volume of 
merchantable wood. No consideration is given to value by product, size, or other forest bene-
fits. The discussion is limited to artificial regeneration in order to profit from genetic improve-
ment, but in no way implies that southern pines cannot be profitably grown under natural 
conditions. On the contrary, high-quality products have been grown for many decades with 
judicious use of natural regeneration. In addition, many low-site areas on fragile, steep slopes 
may never profitably grow southern pines on short rotations. These areas may best be managed 
for water, wildlife, and scenic values with trees grown on long rotations as soil building and 
stabilizing components of the ecosystem. 
CHOICE OF SPECIES 
The first choice a landowner must make, once he decides to grow pine trees, is which 
species should be planted. Although all four southern pines (loblolly, Pinus taeda; slash, P. 
elliottii; shortleaf, P. echinata; and longleaf, P. palustris) have been successfully planted in all 
1 Much of the data embodied in this paper is unpublished material obtained from industry, 
u?!iversity; and USDA Forest Service sources while the author was a Presidential Interchange 
Executive working with the Southern Forest Research Center, Weyerhaeuser Company, Hot 
Springs, Arkansas. The author wishes to express his sincere appreciation to Weyerhaeuser and 
the many organizations who gave freely of their time and research results, some of which were 
proprietary. 
2 Assistant Program Leader; Conifer Ecology, Culture, and Management, Timber Management 
Research, USDA Forest Service, Washington, D.C. 
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southern states, loblolly grows more rapidly than the other three species throughout much of 
the southeast (Tables 1 and 2). Even as far north as Virginia , Tennessee, and northern 
Arkansas, loblolly pine appears to grow faster than shortleaf pine (Huckenpahler, 1950; Maple, 
1965; Williston, 1972). Only in some wet coastal areas, including the Gulf Coastal Plain of 
Louisiana and east Texas, does slash pine grow more rapidly than loblolly (Hunt, 1973; White 
and Pritchett, l 970 ; Box et al., 1964, unpublished 3 ). 
Table 1. Eighteen-year-old species comparison trial on an old field site in the Coastal Plain 



















Table 2. Slash- and loblolly-pine species comparison at 8 years of age 












































The tenet that local seed sources are best has long been used for planting southern pines. 
However, in some areas sizable genetic gain (over local seed source) may be attained by 
moving seed considerable distances. For example, trees of eastern North Carolina and south-
west Georgia with seed sources planted near Arkadelphia, Arkansas averaged 62 ft in height at 
20 years, as compared to 51 ft for trees from southwest Arkansas. Throughout the South 
other 10- to 20-year-old seed source tests are providing managers with sound data for choosing 
nonlocal seed sources for improved growth (Wells and Wakeley, 1966; Wells, 1969; Bittle and 
Holt, 1972; Grigsby, 1973). • 
3 Unpublished 15-year-old species comparison trial, Southeastern Forest Experiment Station, 
USDA Forest Service, Olustee, Florida. 
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Nursery Selections 
Occasional individual seedlings in nurserybeds grow at a much faster rate than the 
majority. This phenomenon has led several researchers to attempt nurserybed selection as a 
rapid screening measure for superior genetic potential. The general trend is for selected trees 
to have 20 to 200% more total volume through 10 years of growth in the field (Bengston, 
1963; Hatchell et al., 1972; Hunt, 1967; Zarger, 1965). Based on these data, nurserybed 
selection appears to be useful for promoting early growth. However, controlled crosses 
should be made from these fast-growing selects to determine if the superiority is inherent. 
Tree Breeding 
In the last decade tremendous strides have been made in field selection, testing, and 
seed-orchard establishment of rapid-growing, well-formed, and disease-resistant southern pines. 
Today more than 2,300 acres of slash and 2,800 acres of loblolly pine orchards are producing 
superior seed. Small orchards of longleaf (245 acres) and shortleaf (529 acres) also exist. 
Seed-orchard seedlings have become a large part of the regeneration program for many 
organizations in the South. Some states (e.g., Georgia and Alabama) are growing ample 
quantities of superior seedlings in their nurseries to permit small landowners to purchase and 
plant trees that have proven early trowth rates of 10-to-20% over woods-run trees. Second 
and third generation selections may provide trees that will grow 50% faster than the present 
day average if they are intensively cultured. 
SITE PREPARATION 
Artificial regeneration in the South usually follows intensive site preparation--<!hopping, 
disking, bedding, and ditching (Brightwell, 1971; McMinn, 1969; Worst, 1964). These treat-
ments change the flora, microtopography, soil properties, and drainage patterns (Haines and 
Pritchett, 1965; Langdon, 1962; Lewis, 1970); but, although the value of intensive site prepa-
ration is positive in young studies (Table 3), the longterm effects on volume increment is not 
well known. 
Site preparation increased the growth of 13- to 14-year-old slash pine by 200-to-500 ft 
(cunits) per acre over planting without culture (Table 4). However, growth can be reduced 
under some practices. For example, loblolly pine planted on an area where debris was piled 
grew 11 cunits less wood in a 19-year period than those planted following a prescribed burn 
(Table 4). This and other root-raking trials demonstrate that land clearing without regard for 
maintaining the topsoil in place are not only expensive but detrimental to tree growth. Hope-
fully, complete utilization of present wood residue will help to eliminate the need to windrow 
or pile. 
SPACING AND EARLY SURVIVAL 
Next to choice of species, initial spacing is probably of greatest importance when es-
tablishing a pine plantation. It is paramount for achieving stand density control, desired tree 
size and quality, and final cubic volume. Twenty-five-year records throughout the South 
showed that first-year survival of planted 1-0 slash and loblolly pine ranged from 53 to 83%; 
average survival for this 250,000 acres was 71%.4 Thus, with present machineplanting of 
bare-rooted stock, a landmanager should plant a sufficient number of trees to absorb an 
average first-year loss of 30%. 
Maximum cordwood and cubic-foot volume is obtained up to about the age of 20 with 
high densities (Table 5). Without intermediate cuts, a 6- by 6-foot spacing outproduces 
closer- and wider-spaced plantations from the ages of 10 through 21. Beyond 21 years, an 
initial spacing of 8 by 8 feet produces as much or more volume as closer spacings. Survival, of 
4 Unpublished results from 10 forest organizations. 
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course, plays an important role in ultimate yields. Regardless of the number of trees planted, 
by 37 years most stands on similar sites have nearly equal numbers of living trees (Table 5). 


















South Florida 7 
Southwest Louisiana 
Northwest Florida 
1 Derr and Mann 1970. 
2 Stransky 1964. 
3 Malac and Brightwell 1973. 
4 Derr and Mann 1970. 
5 Schultz 1973. 
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Maximum merchantable yields for 15- to 20-year-old stands commonly occur when 500 
to 900 trees are growing (Figure 1). The only variation from this general trend occurs on the 
very poorest sites where competition seemingly results in maximum productivity with stands 
as low as 200 trees/acre (Barnes, 1955). Close spacings offer the greatest opportunity for 
maximum total yield and for selection of better trees which will end up as the final harvest 
product. Other advantages of close spacing include (1) little need for supplemental planting, 
(2) smaller branches and less stem taper, (3) reduced period for acute fire hazard because of 
rapid suppression of weed vegetation, (4) reduced competition by other vegetation and con-
comitant lower site-preparation cost for the next rotation, (5) lower hazard from adverse 
wind or ice storms and rise in water table, and (6) improved soil stability on slopes. In con-
trast, wide spacings have (1) lower establishment cost, (2) trees with larger diameters at young 

























BALMER ET AL 1974 /I (age 15) 
1000;-~---;~~---::-::;-~....L:-:-:~~_j_~J___j_~~_J~~_J 
0 200 1200 1400 600 800 1000 400 
TREES PER ACRE (NO.) 




























































In these studies initial spacings were 12 by 12 and 15 by 15 ft. Replants were made 
in one direction and changed the spacing to approximately 6 by 12 and 71h by 15 ft. Only 
13% of the interplants were in the dominant or codominant crown classes at the age of 16. 
Similarly, Wakeley (1968) noted in a southeast Louisiana. study that only 6.7% of all slash 
pine replacements that survived to the age of 30 were in the dominant or codominant crown 
classes, and 0.4% were 10.6 or more inches d.b.h. Ten % of the loblolly pine replacements 
survived to the age of 30 but none reached sawtimber size. All but one of the longleaf pine 
replants died before the age of 30. Each of these plantings was at an 8- by 8-foot spacing. 
Even at a 20- by 20-foot spacing in an intensively cultured slash pine clonal orchard in north 
Florida, replants 2 to 3 years after initial planting remained in a suppressed or intermediate 
crown position. 5 
Although it is quite obvious that replacing individual trees or increasing the stocking by 
planting additional rows within a 1-year-old planting is futile for southern pines, the question 
is still moot as to how large an area must be before replanting in patches will be economically 
favorable. Seemingly, where patches or mortality exceed 0.1 acre, replanting within 1 year 
will be a satisfactory means of regeneration. 
FERTILIZATION 
Significant and economical growth responses have been obtained by applying phosphorus 
(P) and nitrogen (N) plus P to newly planted slash or loblolly pines on many lower Coastal-
Plains soils (Pritchett and Smith, 1970, 1973). Application of N alone usually stimulates 
herbaceous vegetation, which then competes strongly with young seedlings. Present research 
suggests that as little as 50 lbs of P, or 50 lbs of P plus 35 lbs of N per acre, may result in 
nearly optimum tree response for several years without leaching losses. 
Nitrogen or N plus P has significantly increased the growth of 10- to 35-year-old loblolly 
slash pines in the Coastal Plain, Piedmont, and Mountain provinces of the South. Responses 
have proven to be economical in the sandy Coastal Plains (Malac, 1968; Broerman, 1970). 
Pole-sized loblolly stands, growing on clay soils from Virginia to Arkansas, have shown both 
negative and positive responses to N fertilization. Positive responses have ranged up to 35% 
for as long as 10 years. Some preliminary results even suggest that as little as 20 lbs of N per 
acre may be optimum on highly productive sites. The added N seems to stimulate microbial 
development, which in turn speeds up organic decomposition, thus releasing much larger 
quantities of N than were applied through fertilization. Planted 12- to 14-year-old stands 
have responded to P fertilization on some sites. Much more work needs to be done on 
delineating sites or conditions where responses can be expected . 
COMBINATIONS OF CULTURAL TREATMENTS 
Most intensive cultural studies underway in the South are 10 years old or younger and 
consist of either a chemical or mechanical vegetation control plus fertilization. Table 6 lists 
14 studies,which are old enough for tree-volume estimation. Six of these are loblolly pine; 
six others are slash pine. 
5 Unpublished data on file at the Southeastern Forest Experiment Station, USDA Forest 
Service, Olustee, Florida. 
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Table 4. Site preparation alters growth of planted slash and loblolly pines. 
Best Increase in merchantable 
Location Age treatment volume over no treatment 
Years Cunits 
SLASH PINE 
South Alabama 13 Chop twice2 2.8 
North Florida 14 Burn, disk, bed 1.9 
South Georgia 14 Disk twice 3.9 
Central Louisiana 1 14 Disk 4.6 
LOBLOLL Y PINE 
North Carolina 19 Burn 10.73 
Piedmont 
1 Direct seeded study (Campbell and Mann, 1971); all other studies are unpublished. 
2 Scalping was the control treatment. 
3 Root-rake and pile was the most intensive but least effective treatment. 
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1 Number in() is surval x(-10). 


















Initial spacing (feet) 
4x4 6x6 8x8 
Cunits Qer acre 
7(7)1 9(8) 8(9) 
15(6) 14(6) 12(8) 
14(7) 19(8) 17(8) 
20(5) 23(7) 19(9) 
21(5) 30(6) 29(7) 
31(2) 33(4) 35(6) 
34(1) 41(2) 51(4) 
INTERPLANTING AN D REPLACEMENT PLANTING 
Research results with slash, loblolly, and longleaf pine show that interplanting or 
replacjrig dead trees, even 1 year after initial planting, probably costs more than is gained in 
added volume growth (Arlen, 1959; Bennett, 1954; Wakeley, 1968). Because replacement 
planting cannot be ;done by machine, more time is usually spent searching for blank spots 
than is needed fol" the initial planting. 
The following tabulation shows average diameter and height of 16-year-old slash-pine 
plantations interplanted after one growing season (Schultz, 1965 ): 
(;J 
(;J 
t--.) Table 6. Combinations of cultural treatments alter growth of southern pines. 
Est. cu. vol. 
increase over 
Reference Location Age Best treatment control 
--
State Years Percent 
LOBLOLL Y PINE 
White and Pritchett, 1970 Florida 5 Fertilization + water regulation 680 
Unpublished Georgia 8 Cultivation + fertilization + insect control 180 
Moehring, 1964 Arkansas 8 Fertilization + irrigation 150 
Schmidtling, 1973 Mississippi 9 Cultivation for 3 years + fertilization 570 
Bittle and Holt, 1972 Arkansas 10 Chemical vegetation and insect control 85 
Unpublished Florida 10 Chopping+ chemical insect control 860 
V'.l 
("') 
::c: SLASH PINE 
335 ~ 
300 ~ Baker, 1974 Florida 5 Fertilization + irrigation + vegetation control White and Pritchett, 1970 Florida 5 Fertilization +water regulation 
210 z 
440 io-3 
24 trj z 
19 V'.l < 
Baker, 1973 Florida 6 Bedding+ fertilization 
Schmidtling, 1973 Mississippi 9 Cultivation for 3 years + fertilization 
Schultz, 1972 Florida 12 Irrigation + covercropping 
Gilmore and Livingston, 1958 Alabama 19 Cultivation + fertilization + covercropping 
trj 
SHORTLEAF ("') 
340 ~ io-3 
214 c ~ 
Unpublished Florida 10 Chop + chemical insect control 
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Intensive culture at least doubled growth for all of the studies between 5 and 10 years 
old; the average increase was 364%. All studies were in the Coastal Plain with the exception 
of the Georgia plantation, which was in the Piedmont, and the central Alabama plantation, 
which was on the fall line between the Coastal Plain and Piedmont. 
The oldest study is 19 years of age. Intensive culture increased production in this study 
by 5.4 cunits per acre when volunteer loblolly were included in the production of control 
plots. Without the addition of volunteer volume the difference was 7.8 cunits. 
Early intensive cultural studies did not include trees of proven superior growth rate. 
Combining fast-growing trees with intensive farming practices(such as site preparation; water 
regulation ; fertilization; and insect, disease, and weed control) should permit the growth of 
600 to 800 ft 3 of wood per acre per year for 10- to 20-year rotations on selected high sites. 
Such intensive farming for wood fiber will only be practical on a small percentage of the 
South's vast commercial forest land. 
THINNING 
Numerous studies have demonstrated that for average-to-good sites no increase in cubic 
yield (total or merchantable to a 4-inch top d.i.b.) can be expected from thinning southern 
pines before the age of 25 (Table 7). Heavy thinnings result in trees of larger diameter, but 
reduction in growing stock causes volume production to drop below the levels attained by 
less drastic cutting or no cutting. A minimum of 100 ft2 of basal area is needed to maintain 
near maximum cubic growth for stands of from 11 to 27 years of age (Figure 2). Basal areas 
larger than 140 square feet are too high for maximum growth on most sites. High basal areas 
greatly reduce average diameter and can substantially limit height growth. In general, however, 
total cubic-foot volume production of pine on rotations less than 25 years is little affected by 
thinning, provided that the comparison is not made with excessively thinned or extremely 
dense stands. 
Precommercial thinnings have proven to be valuable in managing dense natural stands 
(Balmer and Williston, 1973; Grano, 1969) but should not be necessary in plantations where 
initial spacing is 6 by 6 ft or greater. 
DELETERIOUS EFFECTS OF CULTURAL PRACTICES 
In reaching decisions as to thinning opportunities, landmanagers must be aware of the 
possible impact of Fornes annosus; ice, snow, or wind damage; potential logging damage to 
residual stems; increased fire hazards from thinning debris; and problems of access and 
compaction in mountainous or wet areas. Heavy logging equipment can severely puddle wet 
clay soils and greatly reduce future site productivity. 
The practice of KG blading or root-raking to prepare a site prior to planting invariably 
removes topsoil as well as organic debris from the effective rooting zone of most trees. This 
practice can severely reduce site productivity. On rolling areas much erosion can be expected 
from complete land clearing, even if most windrows are located along the contour. Fortu-
nately, the trend toward complete utilization of timber from clearcuts should make the need 
for windrowing or piling and burning debris obsolete within a decade. Landmanagers should 
strongly consider using chopping, crushing, or mulching techniques that incorporate or-
ganic debris into the soil. Although these treatments leave an area harder to plant, in the long 
run more nutrients will be available for tree growth because of reduced soil disturbance. 
CONCLUSION 
There is now available a sufficient pool of research information on southern pines to 
permit a landmanager to make rational choices as to species, seed source, or genetically 
improved strains to plant; type of site preparation or water-regulation technique; and proper 
spacing to grow trees effectively to meet end products or objectives. However, we still have 
many unanswered questions, especially in the areas of weed, insect, and disease control and 
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Table 7. Thinning can reduce yield of young planted southern pines. 
Age Basal area 
Location Thinning Measurement Thinning No thinning P.A.I.1 
State ------ Years ------ fuLlh ------ ' Percent 
LOBLOLLY 
Georgia 10 12 74 126 87 
Georgia 11 13 100 156 80 
Alabama 13 16 88 141 89 
Illinois2 13 17 81 132 101 
Tennessee 14 17 78 170 76 
Tennessee 19 24 115 144 105 
SLASH 
Georgia 12 15 100 125 102 
Georgia 13 18 101 126 92 
Florida 13 19 99 142 91 
Louisiana 13 24 87 102 83 
Florida 17 25 100 115 100 
Florida 19 27 120 134 101 
Louisiana3 17 22 100 114 88 
LONG LEAF 
Texas4 25 30 100 108 93 
SHORTLEAF 
Indiana5 14 21 119 124 95 
Mississippi6 23 28 120 130 107 
1 Most effective thinning treatment as a percent of merchantable yield of unthinned stands. 
2 Minckler and Deitschman, 1953. 
3 Enghardt and Mann, 1972. 
4 Lohrey, 1974. 
5 Williams, 1959. 
6 Williston, 1967. 
All others are unpublished. 
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INTENSIVE CULTURE OF HARDWOODS IN THE SOUTH 
Roger P. Belanger 1 and Joseph R. Saucier 2 
ABSTRACT. This paper summarizes intensive cultural practices developed for the manage-
ment of commercial hardwood plantations in the South. Careful choice of planting areas, 
thorough site preparation, graded planting stock, and intensive cultural treatments are essential 
to assure plantation establishment. Harvesting and management techniques are discussed for 
the coppice regeneration of sycamore. Growth of plantations grown under intensive culture 
averages between 3 and 4 cords per acre per year. 
INTRODUCTION 
In recent years increased wood demands and changing product goals have focused atten-
tion on the production potential of hardwoods. Unmanaged hardwood stands, many of which 
have been high graded for years are generally quite unproductive. On the other hand the 
potential for increasing hardwood productivity by intensive plantation management appears 
excellent. 
Because of species diversity and wide-ranging product goals, some methods of hardwood 
management are applicable to only a few species, while others have wider application. For 
example, in the management of high-value walnut trees, selection and breeding for form is 
stressed, whereas volume growth is the prime consideration for cottonwood in widely spaced, 
intensively cultured plantings in the Mississippi Delta. In still another method, sycamore is 
grown in coppice stands and harvested repeatedly every 3 to 4 years to maximize wood-fiber 
production. This paper summarizes current practices and research in the intensive management 
of hardwood plantations in the South. 
STAND ESTABLISHMENT 
Hardwoods generally have specific site requirements. Consequently, matching the species 
to the area to be planted is highly important. Cottonwood grows best on soils that are well 
aerated and moist throughout the growing season (Broadfoot, 1960). Sycamore is not as site 
sensitive as cottonwood but still requires good soils. Best sites have deep, well-drained, 
medium- to coarse-textured soils. These are generally alluvial or young, undeveloped soils 
that with normal rainfall remain moist throughout the growing season. We still do not 
recommend planting any hardwood species on heavy clay soils. 
There are approximately 40 to 50 thousand acres of commercial cottonwood plantations 
in the lower Mississippi River Valley. Approximately 1,500 acres of sycamore have been 
planted on good sites in the Piedmont and the Atlantic Coastal Plain. To meet the increasing 
demand for hardwoods, however, species will have to be tested and improved for sites now 
considered marginal for growing hardwoods. Sweetgum, European black alder, and red maple 
are examples of species being considered and studied on a range of sites on the Piedmont. 
Careful site preparation is essential if planting, cultural treatments, and harvesting are to 
be done mechanically. Old fields usually need thorough and deep plowing to break the sod, 
eliminate compaction, aerate the soil, and allow rapid percolation of moisture from rainfall 
1 Silviculturist, USDA Forest Service, Southeastern Forest Experiment Station, Athens, 
Georgia. 
2 Principal Wood Scientist, USDA Forest Service, Southeastern Forest Experiment Station, 
Athens, Georgia. 
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(McKnight, 1970). Lands recently in timber do not require deep plowing but should be 
thoroughly cleaned. 
Establishing plantations subject to prolonged winter and spring rains requires careful 
planning. Sycamore planting sites in the Piedmont have generally been prepared in the fall 
and planted as soon as possible the next spring. Baker and Blackmon (1973) found that 
fallowing an old field in summer prior to planting improved survival and growth of cotton-
wood. They concluded that fallowing probably improves soil structure temporarily and 
reduces competing vegetation , particularly Johnson grass. 
No-tillage systems of soil management are currently being tested with sycamore. Rye 
grass, planted on prepared sites in October, was killed with contact herbicides shortly before 
planting the following spring. The mulching effect of the sod should reduce weed competition 
and evaporation losses and make the site more trafficable during inclement weather. A dis-
advantage may be that grasses often support heavy rodent populations that could injure or 
kill seedlings and cuttings by feeding on the cambium. 
A good grade of seedlings or cuttings should be planted. Seedlings with large root-
collar diameters usually survive and grow significantly better than smaller seedlings. We 
recommend planting sycamore and sweetgum seedlings with root-collar diameters greater 
than 0.40 in. 
The preferred length of cottonwood and sycamore cuttings for vertical planting is 20 in. 
The cuttings should be planted 18 inches deep to take advantage of soil moisture. 
Sycamore cuttings can also be planted horizontally. Steinbeck and McAlpine (1973) 
recommend cutting lengths of more than 12 in. and less than 48 in. (a compromise would 
be about 24 in.) with a diameter of about 1 in. Cuttings should be planted horizontally at 
depths of 3 to 6 in. Horizontal planting of green ash cuttings also looks promising (Kennedy, 
1972). 
Initial spacings should be determined by site and rotation ages. Early studies with 
intensive culture of sycamore tested spacings of lx4, 2x4, 4x4, and 6x4 ft and rotation ages 
of 1, 2, 3, and 4 years. The product objective was wood fiber for manufacture. into paper and 
composition board. Results have shown that the two closer spacings generally produce slightly 
greater yields than the wider spacings. The difference in yields, however, may not warrant the 
much higher planting costs associated with close spacings (Kormanik et al., 1973). In short-
rotation management of sycamore we recommend spacings of 4x4 to 6x4 ft with rotations of 
4 to 6 years. 
Wider initial sp,acings should be used for the production of ordinary pulpwood, sawtimber, 
or veneer bolts. In cottonwood management, spacings from lOxlO to 12x12 ft seem most 
promising for pulpwood, mixed pulpwood, sawtimber, and veneer bolt production. 1 
CULTURAL TREATMENTS 
Weed control is essential for the establishment and optimum early growth of planted 
hardwoods. This is true in the bottoms where growth of vegetation is vigorous and on upland 
sites where weeds and grasses compete for water. The first year after planting, four-row,fron£· 
mounted farm cultivators are commonly used to cultivate cottonwood and sycamore planta-
tions. Tractor operations are often hampered, however, by weather conditions and inadequate 
site preparation. Pret!mergence herbicides or no-tillage methods of soil management may re-
duce or eliminate the need for mechanical cultivation. It is important that the most economical 
yet effective means of weed control be determined for operational hardwood plantings. 
Fertilization is another cultural treatment used to increase growth and yield of hardwoods. 
Nitrogen (150 lb/acre as NH4 N03 ) applied to a 6-year-old cottonwood plantation in the 
Mississippi River floodplain increased diameter, basal area, and volume growth by 200% over 
untreated controls (Blackmon and White, 1972). Young sycamore also responds well to 
nitrogen fertilization, and differences in growth rates have little, if any, detrimental effect on 
wood properties (Saucier and Ike, 1969). 
Two irrigation studies are underway to determine if growth of planted cottonwood can 
be increased with supplemental water during the growing season. 2 In one study, water is being 
applied daily with sprinklers. In the other, water is applied in furrows when plants need it. A 
1 Personal communication with Bob Johnson, Principal Silviculturalist, Southern Hardwoods 
Laboratory, USDA Forest Service, Stoneville, Mississippi. 
2 All information on irrigation was supplied by Bobby Blackmon and James Baker, Southern 
Hardwoods Laboratory, USDA Forest Service, Stoneville, Mississippi. 
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secondary objective of the furrow-irrigation trial is to determine if irrigation improves the 
effectiveness of a soil-applied systemic insecticide. In both studies benefits of irrigation during 
various periods of the growing season are being tested. First-year data of the sprinkler study 
indicate that late-summer irrigation was most beneficial to diameter and height growth. Early 
results of the furrow-irrigated study indicate that supplemental water did not influence tree-
height growth during the first year, but did improve the effectiveness of the iqsecticide. 
COPPICE REGENERATION 
Basic to the idea of short-rotation systems of managing sycamore is the ability of stumps 
to sprout after several successive harvests. Sprout yields can be increased through harvesting 
techniques and careful management. For example, 5-year-old stumps cut in January or March 
produced considerably more coppice growth during the first growing season than did 5-year-
old stumps cut in May or July (Fig. 1). Stump diameters ranged from 1 through 4 in. 
Results are probably related to the amount of carbohydrate reserve in the root systems at the 
time of harvesting and, of course, the different growth periods. Coppice growth will continue 
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Figure 1. Season-of-cut affects first-year coppice yield of sycamore. 
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The effect of stump height on coppice yields was also tested as part of the study just 
mentioned. In these small-diameter stumps there was no statistically significant difference 
(5% level) between yields after one growing season from stumps cut 2, 8, and 14 in above 
ground level. Although findings do allow flexibility in cutting heights, we recommend leaving 
stumps 4 to 6 in high. Sprouting from low stumps can be hampered by leaves and other 
debris, whereas high stumps make it difficult to traffic in the stand. 
Cutting height of stumps with diameters greater than 4 in does influence coppice yields. 
For example, trees 9 in d.b.h., cut 4 in above ground level, produced approximately 40 lb 
(green weight) of sprout material after 2 years, whereas trees 9 in d.b.h., cut 12 in above 
ground level, produced 60 lb of sprouts- a 50% increase in yield. 
Studies with stump diameters ranging from 1 through 13 in have shown that coppice 
yields increase as diameter of the stump increases. Results are again probably related to the 
carbohydrate reserve in the root system. These findings indicate that it might be better, both 
economically and biologically, to grow fewer large-size trees at wide spacings than many 
small-size trees at close spacings. Costs for planting sycamore seedlings at lx4-ft spacing are 
almost six times those for planting at 6x4 ft (Kormanik et al., 1973). Large stumps should 
have greater longevity and productivity than small ones-an advantage that will be reflected 
in yields over long periods of time and several cutting cycles. 
A high percentage of sycamore stumps sprout. In January, 1972, we cut 1,453 4-year-
old seedlings planted at 4x4-ft spacing. Stump diameters ranged from 1 through 5 in. Two 
years later, only 79 stumps had died (95% survival). The dead stumps had ·an average di-
ameter of 1.5 in indicating they had below average vigor in the initial stand. A second popu-
lation consisted of 395 11-year-old stumps spaced 8x8 ft. Stump diameters ranged from 4 
through 13 in. Two years after cutting, only one stump had not sprouted. 
How long and how often stumps can be harvested without a decrease in productivity or 
severe mortality are important questions still being studied. We do have 8-year-old stumps 
that have been harvested three times (after the first, third, and seventh growing seasons). 
There was no indication that coppice growth and yield decreased after the second harvest. 
Stump survival was 85% at the 6x4-ft spacing at third harvest. 
GROWTH AND YIELD 
McKnight (1970) reports that plantation yields of cottonwood average about 4 cords 
per year over a 12-year period on good sites in the Mississippi Delta. Carter and White (1971) 
report similar yields for cottonwood on alluvial sites in southwestern Alabama. Information 
on growth and yield of short-rotation sycamore has been published by Saucier et al. (1972), 
Steinbeck et al. (1972), and Kormanik et al. (1973). Their results show that site, spacing, 
and length of rotation all influence the amount of usable fiber produced per acre. For ex-
ample, total per acre yield of the 6x4-ft spacing plots over a 6-year period (seedlings cut at 
age 2, coppice cut when 4 years old) on good bottomland sites was 48.1 tons, green weight, 
or 8.0 tons annually on one bottomland site. Yields per acre on another bottomland site for 
the same rotation and spacing were 27. 7 tons, green weight, or 4.6 tons annually (Table 1). 
These data indicate the importance of site. 
Table 1. Yield of sycamore plantations established at various spacings. 
Location Seedlings Green Weight Yields 
and planted Seedlings Coppice 
spacing per acre 2 years 4 years Total Annual 
Feet No. 
--------------
Tons per acre 
---------------
Falling Creek 
lx4 10,890 16.2 47.7 63.9 10.6 
2x4 5,445 6.7 45.7 52.4 8.7 
4x4 2,722 6.1 40.5 46.6 7.8 
6x4 1,815 5.4 42.7 48.1 8.0 
Scull Shoals 
lx4 10,890 10.6 29.2 39.8 6.6 
2x4 5,445 7.6 20.1 27.7 4.6 
4x4 2,722 5.1 22.6 27.7 4.6 
6x4 1,815 6.4 21.3 27.7 4.6 
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The difference in yields between spacings decreased as length of rotation increased. 
Average yields of the above plantations at age 2 were 133% greater for the lx4-ft spacings 
than the 6x4-ft spacings. During the next 4 years the difference in yields· of coppice between 
the lx4- and 6x4-foot spacings had narrowed to 24%. We expect this difference to become 
even less with time. 
Figure 2 shows the early growth and yield of a more conventional sycamore plantation. 
Seedlings were planted at an 8x8-ft spacing, the plantation thinned at age 7 (illustrated by the 
break in the curve) and harvested at age 11. Data are based on prediction equations for total 
tree yields (Belanger, 1973). Mean annual increment increased throughout the life of the 
stand. At age 7, growth in the plantation was 3.0 cords per acre; at age 11, 3.6 cords per 
acre. The highest yield on a single study plot (16 trees, 32 square feet) was 6.2 cords per 
acre per year. This growth is exceptional and, to date, represents the maximum yield pro-
duced in our program through intensive culture. 
Growth and yield of the plantations described in this paper were obtained through 
careful planning and intensive cultural treatments. Results show that practical methods are 
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Figure 2. Growth of a sycamore plantation. 
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SHORT-ROTATION CULTURE OF HARDWOODS 
IN THE PACIFIC NORTHWEST 
Dean S. DeBe/1 1 
ABSTRACT. In the late 1960's, innovative ideas on silage wood were published. Since then, 
interest has been generated in short-rotation culture of hardwoods in the Pacific Northwest, 
and has been accompanied by experim_entation attempting to increase yields from this type 
of culture. Major factors included in progranimhig-the-experiments were suitable-sites ; relaHve 
productivity of black cottonwood and alder; cultural practices including weed control, ferti-
lization, and organic amendments and irrigation; and kraft pulping of juvenile hardwoods. 
INTRODUCTION 
Less than one year after McAlpine and his associates (1966) published their innovative 
ideas on silage sycamore, Heilman et al. (1972) established a densely spaced plantation of 
black cottonwood in northwestern Washington. Interest in short-rotat ion culture of native 
hardwoods has since been maintained by a few foresters and agricul ural scientists. This 
paper will describe reasons for their interest and the kinds of sites suitable for short-rotation 
culture in the Northwest. Moreover, data from several studies on potential wood production, 
cultural treatments, and pulping aspects will be summarized and interpreted. Finally, some 
conclusions will be drawn regarding the place of short-rotation cultun! in the northwestern 
forest industry. 
REASONS FOR INTEREST IN SHORT-ROTATION CUL TUIRE 
An anticipated shortage in future supplies of fiber is perhaps the primary reason for 
interest in short-rotation culture. The recent Timber Outlook Report indicated that timber 
harvest on the Pacific Coast is expected to decline about 12% over the next few decades 
(Josephson, 1973). 
The need for a controlled source of hardwood fiber is another reason. Hardwood fiber 
is necessary for certain products. However, little hardwood management is currently practiced, 
and typical unmanaged hardwood sites pose difficult logging problems in the long, wet season. 
These problems lead in turn to seasonal problems with mill supplies. 
Interest also is associated with a desire to provide an alternative crop for farmers in the 
lower valleys of rivers and major streams on the west side of the Cascade Mountain range. 
Farmers would benefit if they could grow, harvest, and sell hardwood from their marginal flood-
plain lands. 
Moreover, some northwestern forest pathologists believe that a short rotation of red 
alder may "cleanse" Douglas-fir sites which are infected with Poria root rot (Trappe, 1972). 
On gentle sites the harvest and utilization of a short-term cover crop of alder would make 
this suggested biological control method even more promising. 
1 Research Forester, Central Research Division, Crown Zellerbach Corporation, Camas, 
Washington, 98607. 
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Table 1. Annual Wood Production of Coppiced Black Cottonwood as Related to Spacing 
and Cutting Cycle. 
Growth Initial S~acing {ft) 
Cutting Cycle Period 1 x 1 2x2 4x4 
years o.d. tons (cu ft) /acre/years2 
A. First Harvest 2 3.6 (280) 2.4 (180) 1.2 ( 90) 
B. Second Harvest 2 4.0 (310) 5.2 (400) 3.6 (280) 
c. Second Harvest' 4 6.0 (460) 6.3 (480) 5.7 (440) 
1 Unpublished data supplied by P. E. Heilman and D. V. Peabody, Jr., Washington State 
University Research and Extension Units at Puyallup and Mount Vernon, Washington, 
respectively. 
2 Values include bark, which is estimated at 25%. 
Yield of Natural Alder Thickets 
Dense natural thickets of red alder are quite common in the Northwest. In order to esti-
mate potential yield of the species under intensive culture, we decided to measure total above-
ground production in 28 of the densest thickets we could find in the Lower Columbia River 
Valley (DeBell, 1972). The results shown in Table 2 are averages of small plots (6 ft2 ) which 
were measured in each age class. 
Table 2. Stocking and Growth of Young Red Alder Thickets in the Lower Columbia River 
Valley as Related to Age Class. 
Mean Annual Wood Production 
Age Number Av Dom 0. D. Weight Volume 
Class of Stems ht With Bark Without Bark Without Bark 
years M/ac ft tons/ac tons/ac ft 3 /ac 
1-2 122 6 1.7 1.4 100 
3-4 60 11 1.7 1.4 100 
5-7 39 17 3.2 2.6 190 
8-11 14 33 8.8 7.2 530 
12-14 13 29 4.4 3.6 270 
Interpretations should be tempered with recognition of the limitations associated with 
small plots. Even so, the following two important findings are probably valid: 
1. Wood production in natural thickets increases greatly after age 5, and appears to 
culminate near age 10. During the period from age 5 to age 10, mean annual wood 
yields totaled 200 to 500 ft3 (or 3 to 8 oven-dry tons) per acre. 
2. Mortality is high in dense, young, alder stands. Stocking in 1- to 2-year-old thickets 
averaged 122,000 stems per acre whereas 8- to 11-year-old thickets had 14,000 stems. 
Probably under intensive, short-rotation culture, where spacing would be controlled, 
loss of wood through mortality would be minimized . . Growth would be concentrated on 
fewer, larger stems and maximum yields would probably be obtained at younger ·ages. 
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CULTURAL PRACTICES 
The primary emphasis in short-rotation research to date has been on estimation of 
yield. Except for herbicide trials, work on growth response to various cultural treatments has 
been rather limited. However, the information presently available is summarized in the section. 
Weed Control 
Weed competition is a major problem in cottonwood culture. It will probably be one of 
the more critical aspects of any intensive, short-rotation culture system. Fortunately, Dwight 
Peabody, one of the scientists actively involved in northwestern short-rotation research, is a 
weed control specialist. In the original 1967 cottonwood planting (Heilman et al., 1972), 
Peabody tested three triazine herbicides-atrazine, propazine, and simazine. All chemicals 
controlled annual weeds (principally smartweed, chickweed, lamb'squarters, groundsel, and 
redroot pigweed) adequately during the first growing season. Although there were no differ-
ences in eventual yields, atrazine reduced survival and first-year height growth below those 
obtained with propazine and simazine. 
Since 1971, Peabody (personal communication) has been looking for means to reduce 
establishment costs. He has tested effects of several herbicides on short cuttings (41h to 51h in) 
placed horizontally and vertically in the soil. These tests have been conducted in the presence 
and absence of fertilizer. Preliminary findings are presented in Table 3 and are summarized 
as follows: 
1. Horizontally placed cuttings that received fertilizer were severely damaged or 
killed by herbicides. 
2. Horizontally placed cuttings that did not receive fertilizer were not as severely 
affected. 
3. Vertically placed cuttings were less sensitivP. to herbicides; fertilizer application did 
not increase sensitivity at the 2-lb herbicide rate but did at the 4-lb rate. 
On the basis of his most recent work, Peabody believes that the substituted urea herbi-
cides have promise for intensive culture of cottonwood in the Northwest. 
Table 3. Annual Height Growth of Black Cottonwood a::: Influenced by Cutting Placement 
Fertilization and Application of Two Herbicides1 
Placement of Cuttings 
Treatment Horizontal Vertical 
Herbicide Rate Fertilized Not Fertilized Fertilized Not Fertilized 
lbs/ac height growth (ft) 
Chlorbromuron 2 0.7 2.7 4.1 3.6 
4 0.8 1.3 1.3 2.8 
Metobromuron 2 0 3.4 5.0 4.0 
4 0 3.1 2.1 4.9 
1 Unpublished data supplied by D. V. Peabody, Jr., Washington State University Research 
and Extension Unit, Mount Vernon, Washington. 
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Fertilization 
Fertilizer amendments also are expected to be an essential component of short-rotation 
culture on most sites. Little information on growth response to fertilizer is available .at the 
present time. 
The cottonwood study (Heilman et al., 1972) established in 1967 had initial applications 
of urea and NPK as well as a control. The yields in the first harvest in 1969 were affected by 
fertilizer treatment-yields from NPK plots were 33% higher than control plots; yields from 
urea plots were 20% higher than control plots. No additional fertilizer was applied, however, 
and by the time of the second harvest in 1971, no yield differences were attributable to the 
original fertilizer treatm~nts. 
Organic Amendments and Irrigation 
Disposal of sludge is a problem common to many pulp and paper mills. Work by Crown 
Zellerbach's Environmental Service Division has shown that application of pulp-mill sludge to 
agricultural soils can improve yield of certain agricultural crops (Aspitarte et al., 1973). For 
mills located near large tracts of agricultural land, soil incorporation is an economically feasi-
ble method for disposal. Moreover, it can provide environmental benefits. Short-rotation 
culture appears to have its greatest potential in the same type of situation. Good possibilities 
may therefore exist for combining sludge disposal and hardwood culture on arable lands near 
pulp mills. With this in mind we established a trial in 1973 near our Camas (Washington) mill 
which tested the following items: 
1. Two species-red alder and black cottonwood, 
2. Three levels of sludge-0, 100, and 200 oven-dry tons per acre, and 
3. Supplemental irrigation versus no irrigation. 
By the end of the first growing season, we had learned several things about each species. 
Cottonwood cuttings had poor survival in several treatments. Survival decreased with sludge 
level on irrigated plots (96, 88, and 80% for 0-, 100-, and 200-ton/acre treatments) and non-
irrigated plots (76, 70, and 34% for the same treatments), but irrigation per se did increase 
survival. Cottonwood height growth was not substantially affected by 100 tons of sludge but 
200 tons depressed average growth from 4.8 ft (0 and 100 ton treatments) fo 3.6 ft. Irrigation 
also increased growth of cottonwood. Survival of red alder was excellent (97%) and was not 
affected by any treatment. Height growth of alder, however, was slightly depressed by sludge 
additions (18, 15, and 13 in. for 0-, 100-, and 200-ton treatments, respectively). 
Seemingly the contents or transformations of raw pulp-mill sludge are somewhat toxic 
during the first growing season after soil incorporation. Moreover, cottonwood is more sensi-
tive to the toxic substance than is alder. 
The effects of sludge on both alder and cottonwood are anticipated to reverse-that is, 
become beneficial-in the second or third year. Another possibility is the application of efflu-
ents to intensively cultured stands located very close to mills. Irrigation with effluent could 
provide an alternative to secondary and tertiary treatment in some cases. 
KRAFT PULPING OF JUVENILE HARDWOODS 
Hardwood pulps are normally blended with conifer (long-fibered) pulps to improve for-
mation, texture, softness, and printability. These qualities are required for paper products 
such as tissue and printing grades. With this in mind we wanted to determine the suitability of 
young alder and cottonwood for hardwood pulps, using the kraft process. We were especially 
interested in the effects of bark on utilization processes. Therefore, F. L. Schmidt (Wood 
Evaluation Specialist at Crown Zellerbach's Central Research Division) evaluated two classes 
of chipped juvenile wood-{1) whole tree (stems, branches, and bark) and (2) hand-peeled 
stems. Results were compared with values obtained with chips from mature wood of the 
same species. I will discuss Schmidt's findings and the implications in the following two 
categories: (1) factors which affect the kraft cooking process and (2) factors which influence 
papermaking and the quality of paper products. 
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Factors Related to Cooling Process 
Comparative data on specific gravity, alkali requirements, total pulp yields, and dis-
solved organic solids are presented in · Table 4 for juvenile and mature wood of black cotton-
wood and red alder. Same general differences are true for both species. Active alkali require-
ments and dissolved organic solids are higher for juvenile wood than for mature wood. Alkali 
requirements and dissolved solids are higher also for chips with bark than for debarked chips. 
Juvenile wood has a lower specific gravity and lower total pulp yield than mature wood; the 
presence of bark also decreases total pulp yield. Moreover, the differences associated with the 
presence of bark and twigs appear larger than differences due to age of the woods. 
Table 4. Characteristics of Kraft Cooks of Black Cottonwood and Red Alder of Various Ages. 
Diss. 
Specific Active Tot. Pulp Organic Permangan-
Species Age Class1 Gravity Alkali Yield Solids ate Number 
yrs glee % o.d. wood points 
Black 
Cottonwood 30-502 .360-.370 13-14 54-56 44-46 10.5-12.9 
2 Whole .343 16 42 58 11.6 
l/211 + 11 .356 15.5 49 51 9.9 
Red Alder 30-503 .380-.390 14-15 46-50 50-54 11.6-15.0 
2 Whole 
11 
.380 18 39 61 16.3 
1/211 + .374 16.5 46 54 13.7 
1 Class refers only to juvenile wood : whole= tree (stems, twigs, and bark) l/2 1 +=debarked 
stem wood > l/211 d.o.b. All percentage figures are based on oven-dry wood or wood plus 
bark weights. 
2 Range of value~from seven cooks of mature wood from various sources-unpublished CZ data. 
3 Range of values from 11 cooks of mature wood from various sources-unpublished CZ data. 
These differences have important implications in pulp processing. A decrease in sf>ecific 
gravity indicates that digesters filled by volume will contain less wood by weight. A decrease 
in total pulp yield means that more chips are needed to produce a ton of pulp. Therefore, 
purchase and storage requirements of wood chips would increase and production per unit of 
mi.II operation time would decrease. Because of a higher organic load, production may be 
further limited in some mills by capacities of kraft recovery equipment. There also is the 
possibility of limitations associated witl1'a higher alkali requirement as well as definite increase 
in operating costs. Reduced pulp-production capacity obviously will result in higher fixed 
costs per ton of pulp. The use of juvenile wood with bark therefore presents some problems 
for conventional kraft mills. These problems could be substantially reduced by debarking. 
Factors Related to Manufacture and Quality of Paper Products 
Data on pulp characteristics related to papermaking and product quality are presented 
in Table 5. The general differences associated with juvenile wood and wood with bark were 
similar for both species. Pulps from 2-year-old trees were lower in initial freeness and initial 
tear factor; but were higher in burst factor, sheet density, and fine fiber fraction than were 
pulps from 30- to 50-year-old trees. The presence of bark reduced initial freeness and in-
creased the fib.er fines, but bark had little effect on strength properties and sheet density. 
The changes in strength properties and sheet density are of minor significance in hard-
wood pulps. In cases where quality of products may be affected, the changes probably can 
be reduced by varyi,ng other components of the pulp furnish (e.g., more or less coniferous 
pulp in the mixture}. The increase in fiber fines, however, is serious because this represents an 
additional decrease in pulp yield. Freeness also is an important factor; it is related to drainage 
of water from pulp on the paper machine and would likely decrease rate of paper production. 
It seems that the latter two problems (freeness and fiber fines) can be improved by debarking. 
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Finally, some people believe an irrigated forest enterprise in the semiarid, sagebrush land 
east of the Cascades is biologically feasible, and that it could be an asset to the economy of the 
region (Cone, 1972). 
KINDS OF SITES SUITABLE FOR SHORT-ROTATION CULTURE 
When most people think of forestry in the Northwest, conifer forests in rugged, steep 
terrain come to mind. Such sites obviously are not amenable to mechanized, short-rotation 
culture. However, three broad land categories do appear suitable. 
Of greatest interest are the marginal agricultural lands that lie in the lower valleys of the 
Columbia River and its westside tributaries. In most cases the large mills are located in these 
same areas. Thus, a good situation exists for production of supplemental hardwood supplies 
on lands near major mills. 
There also are some rather gentle sites, which are now forested with conifers. The 
possible control of Poria by alder is the prime reason for current interest in this type of land. 
However, rapid production of a hardwood fiber crop and increased soil nitrogen are additional 
benefits. 
Finally, there is the possibility of irrigated hardwood plantings in the arid lands of the 
Columbia River Basin. Many large agricultural projects developing in this area are faced with 
serious soil erosion from nearly continuous high winds. Shelterbelt plantings of poplars may 
be a rather profitable way to protect the soil, if an adequate market is available. Perhaps wind-
breaks consisting of five or six rows could be planted and harvested on a rotating basis. 
WOOD PRODUCTION OF NORTHWESTERN HARDWOODS 
Interest in intensive, short-rotation culture has centered on two native hardwood species, 
black cottonwood (Populus trichocarpa Torr. & Gray) and red alder (A/nus rubra Bong.). 
Both species have commercial importance and grow more rapidly than native conifers at early 
ages. Unfortunately, little research effort has been spent on hardwood silviculture in the 
region. Black cottonwood will sprout readily from stumps following harvest (Fowells, 1965), 
but the sprouting ability of red alder needs investigation. In some cases alder has sprouted 
profusely after cutting; in other instances sprouting has not occurred. Reasons for such differ-
ences have yet to be explained. Red alder does establish easily from seed--£0 easily that it is 
considered a weed species by most northwestern foresters, and much effort is spent to control 
alder on sites where conifers are managed on an intensive basis. With this background we 
began to look at intensive short-rotation culture of the two hardwood species. 
Two studies were done to assess the potential yield of native hardwoods under short-
rotation management: (1) an experimental planting of black cottonwood, and (2) yield 
measurements in dense, natural thickets of red alder. The experimental methods and results 
for these studies were discussed in detail in two previous papers (Heilman et al., 1972; DeBell, 
1972). In this paper we shall present the results in a general way to illustrate the growth po-
tential of the two species. 
Yield of Coppiced Black Cottonwood 
Experimental plots were planted with black cottonwood cuttings near Mount Vernon, 
Washington in 1967 (Heilman et al., 1972). Two years later all plots were harvested. Most 
plots were harvested again in 1971; the remaining plots were harvested in 197q, four years 
after the first harvest. Wood produced by these harvests is shown on an annual, per acre basis 
in Table 1. 
Although spacing had a significant effect on yield in the first harvest, there was not much 
difference in the four-year yield of the second harvest. Actually, mortality increased with age 
and with density. The 1 x 1 spacing has become a 2 x 2; the 2 x 2, a 2 x 4; and the 4 x 4, a 
4x 5. 
The data indicate that aboveground yields exceeding 400 cubic feet or 5 oven-dry tons 
per acre per year can be produced with coppiced black cottonwood on cutting cycles of 2 to 
5 years. Some plots have grown more than 500 ft 3 per acre annually. 
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Table 5. Characteristics of Kraft Pulps from Black Cottonwood and Red Alder of Various Ages. 
Initial Fiber Initial Initial Initial 
Free- Fines Burst Tear Sheet 
Species Age Class ness (150 mesh) Factor Factor Density 
yrs cc CSF % g/cc 
Black Cotton- 30-50 1 608-630 5-10 28-37 93-123 .60-.65 
wood 2 Whole 370 19 42 65 .71 
1/211+ II 440 12 47 75 .76 
Red Alder 30-502 540-631 11-15 26-40 85-114 .64-.70 
2 Whole 434 17 56 70 .73 
1/2''+ 498 12 57 72 .74 
1 Range of values from seven cooks of mature wood from various sources-unpublished CZ 
data. 
2 Range of values from 11 cooks from various sources-unpublished CZ data. 
SUMMARY AND CONCLUSIONS 
Biological work to date indicates that good yields--400 cubic feet or 5 oven-dry tons 
per acre per year-can be produced by intensive culture of cottonwood and alder. However, 
all measurements have been taken on small plots and reproducibility of such yields on a large-
scale, long-term basis can be questioned. Establishment of some larger tests is needed. 
Also, many silvicultural questions require investigation. The cost of establishing planta-
tions at close spacings is a major obstacle (Smith and DeBell, 1973). Methods must be de-
veloped to lower planting costs and control weed competition. The use of fertilizers, organic 
amendments, and irrigation will have merit in some situations. Harvesting and storage methods 
also are major problem areas. 
With respect to utilization, kraft pulping tests indicate that juvenile hardwoods can be 
converted into pulp suitable for use in many paper products. Although there are changes in 
pulp characteristics, which tend to lower product quality, these changes are less serious than 
problems associated with the kraft cooking process. 
The latter problems result in higher processing costs per ton of pulp due to the following: 
1. Additional wood is required (lower sp gr, lower total pulp yield, higher fine fiber 
fraction). This also increases storage problems and will lower production in mills 
limited by the capacity of digester. 
2. Additional chemicals are required (lower total pulp yield,higher alkali requirement). 
3. Additional recovery costs are incurred (higher dissolved organic load). The costs 
and limitations associated with recovery needs are the most serious. Many mills 
(nearly all Crown Zellerbach Mills) are limited by the capacity of the recovery 
furnaces. Therefore, the use of material that increases the ratio of organic load to 
pulp yield will limit mill output. 
Possibly some of the added costs could be reduced by designing mills specifically for the 
processing of juvenile hardwood. Moreover, it seems that chip debarking can lessen some of 
the problems associated with juvenile trees and thus may lower costs even in conventional 
mills. Work on compression debarking is in the pilot stage and is promising (Erickson, 1972). 
Research at Crown Zellerbach suggests an added benefit from debarking; that is, penetration 
of cooking liquor into twigs is enhanced when the wood is subjected to a compress-fon de-
barking process. However, the debarking process would incur added costs and possibly some 
wood loss. These costs must be weighed against the added costs incurred by using chips with 
bark. 
Will intensive, short-rotation culture of hardwoods become an important aspect of north-
western forestry? Ask such a question of most land managers in the region today and you 
will get either a question (what is that?) or possibly a laugh in return. Nevertheless, fiber 
supplies from conventional sources are expected to decrease rapidly, while demand for fiber 
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steadily increases. Mill owners and wood suppliers will therefore be taking a close look at 
many alternatives for obtaining additional fiber. When this occurs, I believe that intensive 
culture of hardwoods will be selected as one of the means to meet the Northwest's fiber needs. 
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